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ABSTRACT 
The author's submitted papers mainly discuss ion 
association and complexation of metal cations in liquid 
ammonia solutions, and the reactions of metals and their oxides 
with binary mixed solvents containing SO 2 . Some earlier work 
on the complexation of Ni(II) by the formazyl ligand, and some 
studies on ultraphosphate glasses are also included. 
(1) Uni-univalent electrolyte solutions in liquid 
ammonia are exceedingly non-ideal due to the association of 
their ions(AgNO3 =0.063). Activity data for a number of 
salts in ammonia, measured in concentration cells with 
transference, point to association constants of the order of 
103 mol dm3 . Raman and infrared spectra have shown 
that contact, solvent-shared, solvent-separated ion-pairs, and 
'free' ions coexist in equilibria in the solutions, and 
variations with concentration and temperature have been 
followed. The ion-pairs are identified by analayses of the 
multicomponent anion band profiles which are substantially 
more complicated than the symmetries of the anions predict. 
The order of stabilities of contact ion-pairs in all salts is: 
Cs>Rb>K>Na>Li, and Mg<Ca<Sr<Ba. These differ from the 
expected order because of cation solvation which is in the 
opposite order. The degree of ion-pairing decreases with 
reduction of both concentration, and temperature (related to 
dielectric constant of the solvent). The stabilities of 
solvent-shared ion-pairs follow the order predicted by ion 
charge and size: namely Li>NaK>Cs. 
Complexation of some metal cations in ammonia by CN 
and SCN has been monitored by vibrational spectroscopy. 
Unlike the aqueous medium the solvent ammonia allows all 
complexation steps to be studied for Ag(I), Au(I), Hg(II) and 
Pd(II). The complexation in ammonia differs from that in 
water: 11(or more) species can be found in Ag(I)/CN 
including all the linkage isomers of the 1:1 and 2:1 
complexes; AuCN exists as a linear 1:1:1 solvato-complex (AgCN 
in ammonia is a tetrahedral solvato-complex), and 
unlike the Ag(I) case complexation stops at the 2:1 stage; all 
11 vibrational frequencies have been assigned for every 
species up to the 4:1 stage in Pd(II)/CN, and the 2:1 
complex undergoes a slow cis-trans isomerism (t 112ca.6hr). 
(2) Many metals dissolve spontaneously into binary 
mixtures of SO2 containing cosolvents which have both a high 
dielectric constant and high donicity. Dissolution of metals 
into mixtures containing cosolvents which lack one or both of 
these properties is often achieved by electrolytic dissolution 
of a metallic anode. S0 2/dmso mixtures produce metal 
disuiphates as end products, in a process involving oxidation 
by the solvent from S(IV) to S(VI). Other cosolvents produce 
dithionites. A iecent spectroscopic and phase study showed 
that S02/dmso contains adducts with 2:1, 1:1 and 1:2 
stoichiometries, and an explanation of the differences in 
mechanism of metal dissolutions between the solvent systems 
now emerges. S0 2/dmso contains the S-O-S linkage necessary 
for disulphate formation, whereas in mixtures containing other 
cosolvents dithionite results from dimerisation of 
suiphoxylate radical ion, SO2. 
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This thesis is primarily a collection of papers 
representing my research work throughout the past 22 years in 
the area of non-aqueous solutions. There are also a few 
papers concerned with my previous interests. 
The presentation is in the following form. 
A summary of my career as far as it relates to research 
activity. 
A. summary of the course my researches have taken. This 
is intended to be a guide to the reader of my papers. I have 
tried to plot the course the research has taken down its 
several avenues. It points to what has been done and attempts 
to place it in context with research which is currently in 
progress and also planned for the near future. - 
A list of publications which have been accepted for 
publication in the scientific journals. Some of these are 
currently in press and expected to be in print before the end 
of 1986. Placed separately at the end of this list are the 
titles of two proposed papers (currently in preparation) which 
have been summarised in the account in (2). The numerical 
order of this list has been used as a referencing system for 
the account of the research (2). 	 - 
All the papers listed in (3) have been photocopied. 
The pagination of the papers corresponds to the order of the 
publication list (3) which is not chronological, but which has 
been ordered sequentially within the themes of the work. 
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A number of coauthors appear in the publications. They 
include my staff colleagues, my research assistants, and my 
postgraduate research students. The last two categories were 
totally directed and supervised by me within the framework of 
the overall research plan outlined in (2). The contributions 
made by them, and the other coauthors of staff status, and 
colleagues from other Universities, are stated in (2). The 
places in the text where this is indicated are identified by 
bar markings in the left hand margin. 
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SUMMARY OF CAREER 
After graduating from Oxford University in 1958 I 
became a Reasearch Scientist with Scottish Agricultural 
Industries Ltd. (part of the I.C.I.Group) at Leith. I held 
this post for 5 years and became one of the Research Section 
Leaders. 
Industrial secrecy, and my contractual terms, made it 
impossible to publish during this time though a substantive 
amount of the research carried out was of a standard worthy of 
publication. This included thermodynamic studies concerned 
with the improvement of existing processes, the development of 
new fertiliser processes, a quest for new fertiliser materials 
based on polyphosphates, and an investigation of the potential 
of liquid ammonia as a medium for chemical processing. 
By 1962 the constraints of this employment had become 
apparent. Research was always limited by the employer's 
interest. It was impossible either to start work outwith 
those boundaries, or to extend existing research beyond them. 
In consequence I accepted an I.C.I. Research Fellowship in 
Chemistry in the University of Edinburgh. 
Before taking up this appointment I was asked by the 
Research Director of SAl to undertake a review of the physical 
and inorganic chemistry of liquid ammonia solutions. This 
directed my future for, by the time I moved to Edinburgh 
University, my main interest had become the chemistry of 
ammonia and non-aqueous solvents. 
I arrived in the Chemistry Department at Edinburgh in 
1963 with little background in the practice of solution 
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chemistry, and no expertise in the construction of complicated 
apparatus such as is required for precision measurements in 
liquid ammonia solutions. Perhaps the greatest problem of all 
was that there were no colleagues of similar persuasion to 
engage in useful discussion. Nonetheless I had carte blanche 
in a new and exciting, but difficult, field of chemistry with 
few other 'competitors' in the world. 
Many areas of the physical chemistry of liquid ammonia 
looked attractive but it was clear that, within the limited 
timescale of an I.C.I. Fellowship, it was possible to build 
only one major item of apparatus if the results from it were 
to be brought to fruition. Conductance and transport 
measurements attracted me and work was started with the 
measurement of transference numbers to obtain relative ionic 
mobilities. Conductance measurements were the obvious next 
step but they presented some immense practical difficulties. 
Not least among these was the problem of temperature control 
(<±0.010C) between -70
0C and -400C. Twenty years 
elapsed before it was possible to return to this work and my 
first conductance data for KBr and KSCN were obtained in May 
1986. 
A major disappointment was suffered during this time. 
I was beaten to publication with the literature review of the 
inorganic and physical chemistry of liquid ammonia. Professor 
Jochen Jander had been working on the same task for 10 years 
previously. He published "Anorganische und aligemeine Chemie 
in flissigem Ammoniak" in 1965. Later, before his untimely 
death in 1978, he became my good friend and colleague. 
The Research Fellowship at Edinburgh was terminated 
after 2 years on my appointment to a Lectureship in the 
5 
Department of Inorganic and Structural Chemistry at Leeds 
University. Senior Lectureship came in 1974. 
On moving to Leeds the initial intention was to make 
conductance measurements to study ion association and non-
ideality in ammonia. However, I already had transference data 
available and the next few years' work showed, through 
accurate ionic activity determinations using concentration 
cells with transference, that simple 1:1 electrolyte solutions 
in liquid ammonia are more non-ideal than had ever been 
anticipated. 
During the 1960's, in addition to the ideas for 
developing liquid ammonia research, I began to plan work 
involving other solvents. One such was sulphur dioxide. I 
considered that it would be worth working on anhydrous 
transition metal suiphites on a basis parallel to that of the 
N204/N205 systems which were being investigated at 
Nottingham University. In 1969 I enlisted the help of the new 
lecturer in the Department, Dr.D.C.Goodall, to assist with 
this task. Practical work was exceptionally difficult 
because, as Gerhardt Jander had found to his cost in the 
1930's, water contamination causes serious difficulties with 
suiphites. The important breakthrough came in the mid-70's 
with the dissolution of metals into S0 2-containing solvents. 
Perhaps my most significant contribution to solution 
chemistry came in 1973 in the collaboration with Dr.P.Gans. 
From the outset of ammonia work 10 years before I had 
anticipated quantitative spectroscopy. My original aim was to 
study metal complexes in the uv/visible region, something 
which has still not been done to the present time. However, 
the Raman technique was chosen simply because it is fortuitous 
that the 'windows' of frequency in the spectrum of pure liquid 
ammonia enable the spectra of solutes to be observed and 
examined. 
Much time and effort was spent in the mid- to late 70's 
developing equipment and techniques for the project. When. 
results came the anionic spectra were much more complicated 
than would be predicted from their symmetries. Analyses of 
the spectra enabled identification of ion associates in liquid 
ammonia, and I can now claim that the best way to monitor 
these species is through their vibrational spectra.. 
With the advent of the 80's it was increasingly 
difficult to attract financial support into the strictly 
academic research of ion-pairing phenomena, and the emphasis 
moved sideways to attract industrial support. 
The dissolution of metals, both spontaneously and 
electrolytically, into solvents containing SO 2 is an obvious 
candidate for the interest of industries concerned with metal 
extraction and separation processes. Unlike most of the 
processes operated in industry, metal dissolution occurs at 
low temperature in S0 2/cosolvent mixtures and is attractive 
on energy considerations. 
A problem exists with the possible use of liquid 
ammonia. It is cheap and available in vast tonnages but its 
use in chemical processing requires that it must be handled 
anaerobically, either at sub-ambient temperatures in its 
normal liquid range, or under moderately high pressures at 
ambient temperature. Economics dictate that the search for 
new chemical routes involving the solvent ammonia will be most 
attractive for expensive commodities. By turning my attention 
to the investigation of the chemistry of precious metal 
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complexes in ammonia support has been .obtained during the last 
three years from SERC, Department of Industry, Rio Tinto Zinc 
and Johnson-Matthey. Work is now proceeding on two fronts; 
(1) spectroscopic and, (2) electrochemical investigations of 
the chemistry of salts and complexes of these metals in 
ammonia. 
Vibrational spectroscopy is still the principal tool. 
With considerable success I have designed a new apparatus to 
enable high quality quantitative infrared spectra of liquid 
ammonia solutions to be obtained. Recently apparatus for 
quantitative uv/visible spectroscopy has also been constructed 
and will be in use in the late summer of 1986. 
A wide ranging preliminary survey of electrodissolution 
and electrodeposition properties of metals in ammonia 
solutions, started in 1983, has now been completed. Several 
pointers to further electrochemical work for a number of 
metals and solutions have emerged (in particular for gold and 
manganese). To continue along these themes new apparatus for 
the cyclic voltammetric study of ammonia solutions has already 
been developed and is now working and producing results. 
My work with ammonia and other solvents has involved 
much collaboration with colleagues. The whole programme of 
work identified by this thesis was initiated and has been led 
by me. Throughout, I have exercised the controlling role. 
This has included all the design, construction, testing, and 
modification of new apparatus to bring it to the stage at 
which experimental data can be obtained, considered and 
interpreted. 
In the spectroscopic area Dr.Cans' contribution was 
principally in the development of numerical processing 
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computer techniques to analyse the spectra and for control of 
spectrometers. He has become a leader of this field. 
However, even without this input from him I believe that the 
work I present here would still have succeeded with the same 
conclusions, but perhaps at a slower pace of progress. 
Work on the S02-mixed solvent systems has likewise 
been led and supervised by me. Most of it has been in a 
collaboration with my colleague, David Goodall, who played a 
role in the first years as a synthetic chemist. Although we 
should both be counted as principal authors for many of the 
papers I should be regarded as the main contributor to the 
work of papers P47, P48, P49, P52, P57, and P58. 
INTERNATIONAL WORK 
My interest in non-aqueous solutions has taken me to 
all the International Conferences on Non-Aqueous Solutions 
(ICNAS) since their inception in 1967 at McMaster University. 
I am now one of the two remaining persons who has attended, 
and presented work at, every one of these Meetings. 
In 1976 I brought this Biennial International Meeting 
to Leeds, and in 1980 I succeeded Professor Addison of 
Nottingham University as the Chairman of the International 
Steering Committee of ICNAS. 
In 1985 it was decided that the Steering Committee of 
the other series of Conferences on Solution Chemistry, The 
International Meeting on Solvent- Solute Solute-Solute 
Interactions (ISSSSI), should merge into that of ICNAS. The 
two Meetings are now held in alternate years and embrace a 
wide area of solution chemistry common to both groups, 
although some are selective to each group. I am now the 
Chairman of the Joint Steering Committee for ICNAS and ISSSSI, 
and (P59) and (P60) indicate my activity with this important 
International Forum for Solution Chemistry. 
I have presented a total of at least 24 Plenary 
Lectures, Invited Keynote Lectures, and Oral Contributed 
Papers on various aspects of the chemistry of non-aqueous 
solutions at International Meetings. There is little need to 
identify and list these within this thesis because, with one 
or two exceptions involving on-going work, the subjects of 
these papers have been discussed herein. 
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PROGRAN1E OF RESEARCH 
FORMAZANS 
Research started with a study of the forinazyl group as 
a ligand in metal complexation as the Part II project of my 
chemistry degree course at Oxford, supervised by Dr.H.Irving. 
It was to contribute to his programme of work on the 
complexation properties of the ligand dithizone. The 
dithizone molecule is the same as the corresponding formazan 
except that the -SH group in the 3-substituent position is 
replaced by an alkyl group. The specific aim was to 
investigate the N-metal bonding properties of the nucleus with 
the -SH group removed. 
During the project the original plan of work was 
altered, at my suggestion, because of the possibility of 
producing tetrahedrally coordinated Ni(II) complexes. I 
argued that formazyl ligands with their bulky groups in the 1-
and 5- positions would force a tetrahedral configuration about 
the Ni(II) centre through steric interference of one formazyl 
with the other. I suggested that we should test this by 
attempting optical resolutions of formazyl Ni(II) complexes 
containing different substituents in the 1- and 5- positions. 
Whilst the experiment was successful because this 
resolution was achieved it occurred because of the distortion 
of the organic ligands which were still planarly coordinated 
through 4 N-atoms to the Ni(II) centre; confirmed by X-ray 
crystallography [D.Dale, J.Chem.Soc. ,(A), 1967, 268]. 
Concurrently the now well-known tetrahedral halophosphine 
11 
Ni(II) complexes were prepared in the Department by Venanzi. 
Further work, completely directed and supervised by me, 
was carried out on formazans some years later with my 
postgraduate student, Ann Prescott. We were searching for 
acid—base colour indicators for liquid ammonia (P3). 
Formazans are extremely weak acids showing only the slightest 
tendency to ionise the H—atom on the 5N position (estimated 
pK in water is ca.25 to 30). Colour changes occur in both 
alcohols and ammonia when the solution backgrounds are changed 
between acid and base. The name of H.Irving was included as a 
coauthor on paper (P3) as a token of friendship after his 
retirement and because of our previous association on the 
subject of formazans. 
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POLYPHOSPHATES 
Research at SAl was much concerned with polyphoshates, 
and 3 or 4 papers would have emerged on this subject had I 
been in an academic environment. 
My first task in this employment was to establish an 
analytical procedure for the determination of potassium and 
phosphorus in insoluble (KPO3).  This test was required 
to satisfy the official practices of the Weights and Measures 
Laws. Could this insoluble substance be classified and sold 
as a fertiliser? It had already been proved that K and P were 
slowly released in agronomic tests on the substance, but this 
alone did not satisfy officialdom. In contrast Graham's Salt, 
(NaPO3), is extremely soluble in water. The trick found 
for an innocuous test was to shake (KPO3) with a solution 
of any simple Na salt, or with an ion-exchange resin in its 
Na+_form . The compound then dissolves to give a viscous 
polyphoshate solution which can be hydrolysed in the normal 
way. Solubility depends upon the polyphosphate chain acting 
as a liquid state ion-exchanger. Often I regret not being 
able to continue research into this phenomenon because I had 
observed and interpreted it ahead of much subsequent research 
on liquid state ion-exchangers. 
The presence of insoluble compounds in the (KPO3) 
produced in the pilot plant (identified by my analytical 
procedure) rendered its processing as a fertiliser uneconomic. 
Later, at Edinburgh University, I instigated and supervised a 
final year project (R.M.Taylor) to establish the stoichiometry 
of one of these compounds by means of a phase study; 
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[Ca(PO)3.KP03].(P4) Ca in this compound derives from 
the impurities in wet-process phosphoric acid. 
Another area of research, started whilst in the employ 
of SAl, was an investigation of the rates of solution of 
ultraphosphate glasses. These are potential sources of 
phosphate, available through slow aqueous leaching. Being 
condensed phosphates with cation/P ( 1.0, i.e., between 
NaPO3 and P4010 in composition, they contain a complex 
array of chain and ring polyphosphate sub-units. After 
leaving SAl I embarked on projects to identify how these 
cross-linked chains and cyclic polyphosphate units occur in 
the glasses, and to improve understanding of the kinetics of 
hydrolysis of the cross-linkage points. This started in 
Edinburgh University with my supervision of another final year 
undergraduate project (S.Aiken) by establishing a paper 
chromatographic method of separating the hydrolysis 
degradation products.(P5) The work was continued in Leeds by 
Mrs.S.A.Riaz, who I supervised for her M.Phil degree.(P6,P7) 
14 
ELECTROCHEMISTRY OF LIQUID AMMONIA SOLUTIONS 
Work on liquid ammonia was started at SAl in 1962 with 
a literature survey of liquid ammonia chemistry, and 
experiments on ammines. For instance, Ca(NO 3 ) 2 .6N1-13 is 
of interest in the fertiliser industry because it contains a 
higher percentage of N (42%) than most other simple compounds 
except urea. During this period some practical expertise in 
the handling of liquid ammonia in the laboratory was gained, 
but serious learning of technique in this new and difficult 
experimental field came with my move to Edinburgh University. 
All practical expertise had to be learned through trial and 
error. I even found that I had to teach myself, and first I 
had to acquire a fairly high level of skill in glassblowing. 
I chose to handle ammonia solutions at 233K (which I 
now believe should be accepted as a useful thermodynamic 
standard temperature) so that the solutions could be handled 
in glassware, specially designed and constructed for the task. 
This meant that a cryostat with temperature control within the 
normal liquid region of the solvent, 200K to 233K, had to be 
established because proprietry equipment was unavailable. All 
apparatus had to be designed to carry out the experiments 
anaerobically in closed systems. The methods adopted 
essentially use a gas line in which two pressures are adjusted 
to modify slightly the vapour pressures above the solutions so 
that they can be driven pneumatically from one vessel to 
another. The vessels containing the solutions and the 
pipework between them are totally submerged below the fluid 
level of a thermostatically controlled cryostat. Now we can 
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achieve temperature control to better than 0.01 0C. (see 
P12,P14) 
The first transference number measurements (P8, P9) 
illustrated some important features of ammonia solutions: (1) 
the mobility of H -ion in ammonia (t+00.4)  is not 
anomalous as it is in water (the NH' ion is about 
106kJ mol more stable in ammonia than is the H30+  ion 
in water); (2) the cation transference numbers are different 
in ammonia from water (reflecting different ion-solvation 
properties); (3) the t vs.,/E plots do not follow the 
expected curvature for 1:1 salts, but are linear like those of 
2:2 salts in water (reflecting ion-association and the extreme 
non-ideality of ammonia solutions). 
Work at Leeds saw the establishment of efficient stable 
reversible Pt/H2 electrodes in N114+  salt solutions. 
These can now be used with confidence as the zero reference 
point of the redox scale for the solvent. Before this work 
there was serious contention about the efficacy of H 2 
electrodes in liquid.ammonia. 
Taking into account the severe experimental problems, 
the use of transference data in conjunction with concentration 
cells (P11,P12,P13,P14) gave activity data of very high 
quality (3 significant figures). I instigated and supervised 
this work with three postgraduate students, J.Baldwin, J.Evans 
and Ann Prescott, and also performed a substantial amount of 
this experimental work myself. 	 - 
Even for 1:1 salts there is an immense reduction in the 
values of ionic activity coefficients as the concentrations 
are increased from zero to relatively low levels, e.g., for 
10 2  molal solutions, X(NH003) =0.265, and 
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Xt(AgNO3) =0.063. Any thoughts of applying the Debye-Hi'!ckel 
theory, even at low concentrations, must be discountedt 
The large deviations from ideality are due to 
considerable ion association. The only good conductance data 
for 1:1 salts available [Hnizda and Kraus, J.Amer.Chem.Soc., 
1949,71,1565] suggest ion-association constants, K5 
3 	-1 3 ca.10 mol dm . In a discussion after the Ph.D. 
examination of one of my students, a former colleague, 
Dr.B.M.Lowe, and I decided to calculate some ion-association 
constants using the deviation of the measured activity 
coefficients from the ideal. Dr.Lowe had programs available 
which, with minor modifications, were suitable for the fitting 
of the experimental data to those calculated from the proposed 
model. The results(P15) for the NH + salts of K 4 	 ass 
ca.500 mo1 dm3 were consistent with association 
constants obtained from the conductance data of alkali metal 
-1 3 salts in ammonia (Kass  ca.10 
3  mol dm ). These data 
support my thesis that it is reasonable to draw a comparison 
between the properties of 1:1 salts in ammonia and 2:2 salts 
in water.(P16) 
It was necessary to measure the dielectric 
constant(P17) of liquid ammonia over its normal liquid 
temperature range. The only available and acceptable data 
were for temperatures between the boiling point of the solvent 
and ambient. The results show that, unlike water, the 
dielectric constant of ammonia changes considerably with 
temperature (e ca.25 at 200K, and 15 at 300K). Our 
spectroscopic work confirms that there is considerable 
increase in the degree of ion association at higher 
temperatures because of the decrease of dielectric constant. 
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Thus by variation of the dielectric constant through 
temperature variation we have a useful variable which can be 
used to alter markedly the equilibria between associated 
species. 
Similar work with alkali metal salt solutions was 
started in 1973 by a Pakistani postgraduate student, S.Khusk, 
under my supervision. He aimed to use alkali metal amalgam 
electrodes. Regrettably this work was halted when he took his 
own life in the laboratory in 1974, and (P14) was not published 
until some years later. Work started again in 1980 when I 
instigated and led a collaboration with my Dutch colleagues, 
S.Balt and W.E.Renkema (assisted by a NATO grant). 
This project had a number of points of interest. Could 
we use glass electrodes for acid-base titrations and pH 
measurement in ammonia? What was the long term electrode 
stability? Had the electrodes any ion-selectivity? If so, 
could we use them in concentration cells to obtain activity 
data? 
All the chemical experimental work was carried out 
under my leadership in Leeds mostly by my Research Technician, 
Yvonne Cheek. However, the electronic device for emf 
measurement was designed and tested in Amsterdam by Bait and 
Renkema. We built a similar device, with six parallel 
circuits. This was standardised against its Amsterdam 
counterpart in ammonia solutions at Leeds. A special 
measuring device was required because, although the glass 
electrodes (Li/La silicates) were specially chosen and 
constructed for their low resistances, the resistance still 
rose through several decades on lowering the temperature to 
233K. The new pH-type meter needed an input impedance 
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ca.1015 ohm to cope with emf measuremnts across a cell with 
resistances ca.10 to 10 ohm. The floating earth 
system invented was, in itself, a significant advance for 
measurements of this kind. 
The electrodes responded linearly with Nernstian-type 
behaviour to NH and Na+  ions.(P18) Quite good ion 
activity data were achieved for Na salt solutions although 
they were of lower accuracy than before because of the poorer 
long-term stability of glass electrodes. 
The work has led to my development of my potentiometric 
titration apparatus for lfquid ammonia solutions. The 
burettes in these incorporate a double-walled jacket through 
which cooling liquid at -400C is circulated. Around this is 
an outer jacket evacuated to Dewar vacuum. 
This apparatus is now use for the potentiometric 
determinations of metal-ligand stability constants in ammonia. 
The first example of its kind(P19) showed how stabilities of 
1 	 1 the complexes in the Ag+  iCN - and Ag+  ,SCN
-  systems 
could be obtained, a natural complement to their investigation 
through vibrational spectra.(P36,P37) The spectra indicate 
that about 12 different species are identifiable in the 
Ag(I)/CN system, but that.only the 1:1 complex shows signs 
of stability in Ag(I)/SCN (K 1 ca.5 mol dm3). These 
are the first stability constants ever obtained for liquid 
ammonia solutions. Further potentiometric work is currently 
proceeding on the ligation of Pd(II) and Au(I) ions by CNI. 
The monocyano-Au(I) complex is interesting because, like AgCN, 
it is soluble in liquid ammonia. Spectroscopically we have 
ascertained(P41) that it exists as linear (NH 3 )Au(CN); 
complexation is complete at [Au(CN) 2 ] unlike its Ag(I) 
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counterpart, for which complexation stops at 
[Ag(CN) 3 ] 2 .(P36) Also of interest is the Pd(II)/ CN 
system which undergoes a slow cis-trans isomerism in its 2:1 
complex. The kinetics have been followed by infrarared 
spectroscopy(P40). Current potentiometric experiments are 
aimed at obtaining the free energy difference between the cis-
and trans- 2:1 complexes because the trans- complex can be 
kinetically trapped at 233K. 
The next paper on this subject will describe the 
apparatus, and will compare the thermodynamics of ligation by 
CN of Ag(I) with Au(I). It will also highlight a very 
important problem of stability constant determinations - the 
use of background electrolyte. In ammonia solutions the 
degree of ion-pairing introduces a severe problem because it 
is far greater than in aqueous and other solvents in which 
stability constants are frequently determined. The 
significant indicator of this problem has already been 
published [Figure in (P19)]. Normally we seek to use ionic 
backgrounds which are non-ligating, and which are expected to 
behave in an 'ideal' or standard manner, i.e., the ions 
present a random but even distribution of charge around the 
species being determined. Because electrolytes in ammonia are 
highly ion-associated the background cannot be the homogeneous 
charge distribution we would prefer it to be. This is 
manifested in the titration curves shown in the Figure. Not 
only is there an apparent shift of the titration end-point 
there is also a marked change in the magnitude of the emf jump 
of each complexation step when the background electrolyte 
concentration is changed. Hence calculations require either, 
that activity data are included (impracticable) or, it must be 
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recognised that there are dramatic changes in the 
thermodynamic standard state as the concentration of the 
background electrolyte is changed. 
The problem of background electrolyte in 
electrochemical measurements in solvents of low dielectric 
constant is currently under examination in another direction. 
Cyclic voltammetric studies in media of low dielectric 
constant were carried out under my direction by my recently-
graduated postgraduate student, I.D.Dobson.(P20) This work 
was a collaboration with Dr.N.Taylor of the Physical Chemistry 
Department at Leeds University. Although there are many 
authors listed for this publication Dr.Taylor and I are the 
principals. Publication(P20) refers to the kinetics and 
mechanismns of oxidation and reduction of some diphosphino-
carbonyl complexes of Cr, Mo, and W. Collaboration with Dr. 
Taylor was opportune to gain experience in cyclic voltammetry, 
before developing experimental apparatus and technique to 
study electrochemical processes and quantitative metal 
complexation in ammonia. Consequent upon the preliminary 
work(P20) I now have under my direction an SERC-funded 
Research Assistant, Dr.M.Hall, who is now obtaining cyclic 
voltammograms from liquid ammonia solutions. Of the several 
other authors named in (P20) Dr.Boddington of the Physical 
Chemistry Department at Leeds assisted with new convolution 
methods (semi-derivative and semi-integration processes), and 
the compounds investigated were prepared and supplied by 
Professor B.L.Shaw's team of organometallics chemists. 
The problem of low dielectric and the resulting ion 
association in background electrolytes is highlighted in a 
chapter of Dobson's Ph.D. thesis. Oxidation waves of 
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bimetallic complexes of Cr, Mo, and W, of the type shown below 
have been followed in solvent mixtures of C11 2C12/n—hexane 
and CH2C12/dmf to provide a variation in the dielectric of 
the solvent background between E = 8 and 20; supporting 
electrolytes used were tetraethylammonium tetrafluoroborate or 
perchiorate. 
Co 	 co 
1 00000,  < 	C r 	 Cr _0 
Co Co 
co 	 co 
Atboth the low and high ends of this dielectric range 
the oxidation wave displays one peak only, which resolves into 
two maxima in the intermediate dielectric range (€ = 10 to 
14). The maximum separation of the waves is ca.170mV. Thus 
the non—ideality and ion—asociation properties, which change 
to a very great degree within this dielectric range, greatly 
influence the electron transfer processes at the two 
coordination centres of the bimetallics, sufficiently to be 
monitored voltammetrically. An account of these experiments 
will be published soon. 
Electrochemical work in liquid ammonia Is now taking a 
new direction. With SERC's support I have directed a 
post—doctoral assistant, Dr.M.Hall, in a survey of the 
electrodissolution and the electrodeposition properties of a 
wide range of metals from and into solutions of liquid 
ammonia. The first results are in the press.(P21) It is to 
support these investigations that I have established cyclic 
voltainrnetric techniques for ammonia solutions. 
I surnmarise a number of important results in this area 
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which will soon appear in greater detail. 
Mn metal dissolves spontaneously into acid 
solutions of liquid ammonia. An electrode system, which can 
be reversibly charged and discharged, is established when the 
metal is in contact with an acid solution of Mn(II). This 
could form the basis of a new low temperature storage battery 
with a Divers' solution as the battery electrolyte. 
One of the major problems encountered in ammonia 
electrochemistry is the absence of stable and reproducible 
anion responsive electrodes (like the calomel electrode for 
the aqueous system). The work has highlighted the 
thermodynamic stability and reversibility of Hg(0)/Hg(II) 
couples in ammonia solutions. 
On the commercial front it has been shown that 
gold can be separated from its alloys containig Ag and Cu by 
anodic enrichment. Cu and Ag are anodically oxidised leaving 
the Au highly enriched at the anode (in the aqueous phase Cu 
alone is oxidised to Cu 2+ leaving Ag/Au alloy as anode). 
This is subject to patent discussions. 
A remarkable process has been discovered which is 
also the subject of technical discussions. Au metal can be 
dissolved directly into solvated electron (potassium or 
caesiuin, but not sodium) solutions in liquid ammonia. The 
dissolution process is more efficient when the metal is used 
as the sacrificial cathode of an electrolytic cell. The gold 
enters the solution by a property unique to itself - its 
reduction to the auride ion, Au. From these solutions Au 
can be deposited anodically. With a Pt anode Au deposits as 
highly pure fine metallic powder (Purple of Cassius). It is 
possible to operate this process without metal ammonia 
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solutions, with a K or Cs salt as electrolyte. Here the 
solvated electronis generated in the vicinity of the cathode 
to dissolve the Au cathode by its reduction to Au. This 
process has been extensively investigated electrochemically 
and oxidation states confirmed by X-ray electron spectroscopy. 
It will be published as a paper after technical matters have 
been fully discussed with interested parties. 
(5) Another interesting development is the curious 
deposition behaviour of some metals from ammonia solutions. 
Among these are Ni, Cu, and Ag. A current-voltage plot for 
the electrolytic cell Ag AgNO3 'Ag illustrates two 
distinctly different reduction processes for the Ag(I) 
ion.[Fig. 1 ,(P21 )] In region I normal plating occurs; 
Ag+ + e = Ag° . This becomes current-limited in region 
III because of the poor supply of Ag(NH3 ) 4 ions 
reaching the cathode surface. Within region I the quality of 
plate is exceptionally good because of the steady but limited 
supply of Ag(I) cations, due to ion-pairing between Ag+  and 
NO3 . Removal of the Ag(I) ions eventually leads to the 
limiting current phenomenon. In region II, at the higher 
applied voltage, the metal is deposited as powder. Here 
Ag(NH3),7 is first reduced to Ag ° (N113) 4 before 
loss of the solvating NI!3 molecules. Electrolysis of 
NH4NO3 solutions across Pt electrodes follows a similar 
course producing an orange precipitate of Pt °(NH3 ) 4 at 
the cathode when high voltage is applied. These processes are 
unique to ammonia and occur because of the ability of the 
solvent to support unusual and low oxidation states. 
SPECTROCHEMISTRY OF SOLUTIONS 
As a starting point for lectures I often discuss the 
use of experimental results to determine structure in 
solution. The scientist can measure a bulk property of a 
solution like a conductance, an equilibrium constant to obtain 
a change in free energy, a rate, and an enthalpy change, etc. 
However, these are quantities which average, thermodynamically 
or kinetically, the properties and the events between species 
contained in the measured solution. At the other extreme 
individual interactions between the constituent species and/or 
the atoms comprising their molecules can be examined by 
spectroscopic methods. There is no device by which we can 
examine a system by any intermediate method, so we must make 
what inferences we can about the behaviour and structure of 
the components of a solution from measurements at these 
extremes; bulk or microscopic. 
Any attempt from a measurement of bulk property to 
arrive at a result which identifies a species distribution, 
e.g., stepwise stability constants, necessarily depends on the 
'goodness' of the 'guess' of the model because the result 
depends on the nearness of fit of the observed data to those 
calculated from the model. 
- 	 Conductances can provide values for association 
constants. If Kass = 2000 mof1 dm3 for AgNO3 in 
liquid ammonia at 233K we can infer from the Bjerruin model 
that only one pair of free Ag+  and NO3 ions occurs 
within a radius of ca.1500prn (the Bjerruin critical distance) 
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of any ion point of the solution. The conductance data 
provides us with no other structural information. It does not 
identify the ion-paired species which comprise the solution. 
These might be present as contact ion-pairs (inner-sphere 
complexes) M...X, solvent-shared ion-pairs (outer-sphere 
complexes) M+..S..X_,  solvent-separated ion-pairs 
M+..(S)..X, or 'free' unassociated ions. All of these 
are averaged collectively. 
Spectra deriving from these individual components have 
enabled us to identify the existence of all of them in ammonia 
solutions of simple salts. Complementary use of bulk 
measurements with spectroscopy has led to a significant 
advance in our understanding of the structures of solutions. 
It should also be pointed out here that ammonia with its 
medium-valued and temperature-variable dielectric constant is 
an ideal solvent for such work because the various ion-paired 
species all occur and the equilibria between them can be 
shifted by changes in both the temperature and salt 
concentration. 
I have been studying the spectra of ammonia solutions, 
with the collaboration of my colleague Dr.Peter Cans, since 
1973. I have directed the work of several postgraduate 
students in the area (M.Griffin, G.J.Earl, J.N.Towning, 
D.Maclntosh, and recently L.H.Johnson and Joyce C.Dougal). 
Apportionment of responsibity has been as follows. Design and 
construction of apparatus, the development, the progress and 
the leadership of the experimental work, has been carried out 
y me. Dr.Cans wrote the numerical computer programs to 
analyse the spectra. We have collaborated closely on the 
production of the published work, most rOf which has actually 
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been presented by me; we are both to be considered as important 
:ontributors. 
As with all the electrochemical work special apparatus 
and techniques had to be learned, developed, and applied, and 
papers which emerge can never convey the many and various 
difficulties and practical problems encountered. 
Spectroscopic work started in my laboratories because a 
Raman spectrometer (Coderg PRO RS100) was available. This is 
still in use, upgraded to provide digital data collection and 
multiple scanning. Its great advantage for this solution work 
in ammonia lies in the horizontal optical bench upon which the 
cryoscopic equipment(P22) required could be mounted and 
operated. 
Ammonia is often quoted as being like water,(P16) but 
its stucture is distinctly different because it exists in 
H-bonded chains in the liquid but, near its melting point, the 
N atoms are situated in a nearly close-packed array linked by 
sets of triple bent H-bonds. However, the Raman spectrum of 
liquid ammonia is not unlike that of water.(Fig.3,P28) 
The objective of the original experiments was to 
observe the solvation of cations in liquid ammonia through the 
M-N stretching frequencies and, by comparison with the 
observed M-O frequencies of the aqueous system, to establish a 
pattern of solvation numbers.(P23,P24) These bands all occur 
in the 'tail' of the Rayleigh wing between 150 and 600cm 1 
and this region requires much further study. The 'tail' is 
more intense in liquid ammonia than in aqueous solutions, and 
addition of simple alkali halides gives broad structured 
features which almost certainly can be associated with 
librations of the ammonia molecules. 
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The most important observation which emerged from these 
studies of solvation was the fact that the Raman bands, due to 
the NO3 anion, were always more complicated than expected 
from their symmetry. Thus followed a substantive survey of 
colourless salts of many cations; Group I metals, Group II 
metals, Al, Ca, In, Ti, Ag, Zn, Cd, Hg with CN, NCS, 
NCO, NO3, NO2'  and N3 . In all cases the 
anion bands are structured with multiple components and vary 
with cation, concentration and temperature (in that order). 
Well over 3000 Raman spectra are now on record. As this large 
collection grew the import of the observations emerged, i.e., 
the complex profiles are comprised of sets of bands due to a 
range of ion-paired species which coexist in equilibrium with 
each other.(P25,P26,P27,P28) The vibrations of Cl04 and 
BF4 do not exhibit multiple bands, but changes in their 
band-shapes and widths with the same variable parameters is 
evidence of ion-ion interactions. 
In order to proceed with this work not only was it 
essential to develop new experimental techniques, it was also 
necessary to develop new curve-fitting and resolution 
--enhancement techniques. Here Dr.Gans and I have made some 
significant improvements in the state of the 
art.(P29,P30,P31,P32) It is in this area that he has made his 
contribution to my work. This contribution is, in part, 
responsible for his high reputation in the area of both 
computer-prograniining of analytical and spectometer control 
procedures. Numerical analyses of this kind require careful 
appraisal of results. Care must always be taken not to stray 
from sound basic requirements of chemistry: component bands 
must never be fitted under a profile unless they can be 
resolved by eye, by the derivative technique, or are required 
on sound chemical reasoning. 
Only a small fraction of the total results which 
identify ion-pairs and their species distributions has been 
published. Much will follow now that a greater understanding 
of the overall picture has been achieved. The marked 
difference between the Raman spectra of 1:1 electrolytes in 
liquid ammonia and in water is most significant. In water 
there is relatively little ion-pairing observed in 1:1 
electrolytes but the phenomenon makes itself evident in 2:2 
salts.[D.E.Irish,ref.in P28] Again the similarity of 
behaviour between 1:1 salts in ammonia and 2:2 salts in water 
is apparent.(P16) It can readily be seen how the cation 
[Figs.5 and 7,P28] and the temperature(dielectric constant 
related) [Fig.10,P28] influence the species distribution of 
the ion-pairs within a solution. 
Many issues require further investigation before full 
accounts can be confidently presented, e.g., the following two 
which will become subjects of further quantitative analyses. 
Mass balances show that aggregated ion-associates 
in NaCN solutions have (NaCN) x stoichiometry, whereas in 
nitrite and azide solutions ion-triplet species with 2:1 
stoichiometries appear. Higher ion aggregation is high on the 
list for further investigation. It can be followed by raising 
the temperature above ambient, to reduce the dielectric 
constant to below 15. At about 330K, for a sodium cyanide 
solution, virtually no 'free' anion is detected in the 
solution and a substantive proportion of the species are 
present as ion-aggregates.[Band A in Fig.10,(P28)] 
Spectroscopically N}( 4  behaves as a discreet 
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cation in liquid ammonia. This confirms the conclusions of 
the transference studies(P8,PlO,P11,P13) that NH is not 
anomalous in its mobility; it is similar in behaviour to Na+ 
in its salt solutions and forms ion-pairs just like the N a+ 
cation.[Fig. 12 ,(P28)] The spectrum of NH4CN shows that both 
the isomers NH4+..CN and NH4+..NC coexist in 
solution, but it is interesting to note that a solvent-shared 
ion-pair appears to be the principal contributor, with the 
'free' anion (2056cm 1 ) in low concentration. 
During the past few years attention has been directed 
towards establishing the existence of the solvent-shared 
lon-pair.(P33) Further to this a publication is now in (i%2) 
preparation which can be summarised as follows. It concerns 
the quantitative analysis of the Y(CS) region of the Raman 
spectra of the alkali and the alkaline earth metal thiocyanate 
solutions[Figs. 7 and 9,P281 to obtain equilibrium constants 
for the solvent-shared ion-pairs, and to compare them with the 
contact ion-pairs. In Fig.9(P28) the bands B are attributable 
to solvent-shared ion-pairs, bands A to contact ion-pairs, 
band C to the 'free' SCN anion and D to a band due to an 
upper stage transition of the 'free' anion. In Fig.7(P28) 
band C, due to the solvent-shared ion-pair, has merged into 
the profile of the anion band B. Thus B can be treated by 
relating it to the sum of both species. On this premise 
calculations using the availavle data from spectrum analyses 
has produced the ion-pairing constants listed in the following 
Table. 
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Ion-Pairing Constants for Contact Ion-Pairs and Solvent-Shared 
Ion-Pairs in Thiocyanate Solutions at 233K. (mol-1 3 din ) 
K. K cip ssip 
LiSCN 	2.0 13.0 
NaSCN 	1.5 2.0 
KSCN 	6.4 5.0 
K 	K. cip ssip 
Mg(SCN) 2 	5 	70 
Ca(SCN) 2 	15 	41 
Sr(SCN) 2 	22 	21 
CsSCN 	9.4 	2.2 
(1) [M...SCN] = K cip  [M][SCN] for K 1 , 
(ii) [M..S..SCN] = K 	[M][SCN] for K ssip 	 ssip 
The conclusions to be drawn are, (1) the degree of 
contact ion-pairing increases with mass and charge of cation - 
the opposite trend from that expected as previously 
reported(P28) and, (2) the degree of solvent-shared 
ion-pairing decreases with mass of cation but increases with 
charge. (P62) 
Great disparity exists between the constants obtained 
spectroscopically (Kass  ca. 1 to 10 2  mol din3) for 
contact ion-pairing and those obtained electrochemically 
(K 	ca.103 mol dm3) for total ion-pairing. Theass 
numbers indicate that many of the interactions detected 
electrochemically fall into the solvent-separated category. 
They have vibrational frequencies so close to that of the 
'free' anion band that they are spectroscopically 
indistinguishable. 
Only one report appears [Janz and Miller, J.Sol.Chem., 
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285, 4, 1975] in which a similar comparison has been made 
between spectroscopic and electrochemical data. This was for 
AgNO3 in acetonitrile. Within experimental error the same 
values for Kass  of 75 mo1 dm3 were obtained from both 
Raman spectra and conductances. Thus we have a means of 
detecting the differences of ion-pairing behaviour across 
solvents. Unlike liquid ammonia solutions in which a wide 
range of ion-associated forms coexist, only contact ion-pairs 
were being monitored in the acetonitrile example. Much more 
work of this type is essential. 
Throughout the past few years considerable effort has 
been put into the development of a cell and filler system(P34) 
to obtain infrared spectra of ammonia solutions. To have both 
vibrational methods available is exceedingly valuable for the 
diagnostic use of the spectra. The elucidation of Ion-pairing 
behaviour in nitrate solutions, In particular, has awaited 
this development. The infrared spectra of the nitrate 
solutions have already cleared up a number of uncertainties 
resulting from their Raman spectra and a publication In 
preparation is summarised. 
In the Raman the weak y(NO3 ) band at 1350cm 
lies between two solvent bands. Accordingly, spectrum 
analyses are unreliable because of the long 'tails' of the 
solvent bands which underly its profile, and the low S/N 
ratios. In the infrared this band is more intense but still 
lies in the solvent 'window'.[Fig.4,P34] The solvent spectrum 
can be subtracted from the solution spectrum to give S/N 
ratios; ca.500. The Figure shows a set of spectra of the 
nitrates of alkali and alkaline earth metals in ammonia. The 
position of the sharp 'free' anion band C at 1350cm' was 
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confirmed by subtraction of the spectra of alkyl aznmonium 
bromide and nitrate solutions. Subtractions of spectra of 
consequtive concentrations of the same alkali nitrate suggest 
a single band at this frequency but, for the NaNO 3 
* 	** 
solutions, two bands A and A , one at higher and one at 
lower frequency, change linearly in intensity in tandem. 
These are both due to the contact ion-pair (nitrate degeneracy 
removed). The pattern persists through the alkali metal 
nitrate series. A fourth band B observed with the alkaline 
earth series is attributable to the solvent-shared ion-pair as 
in the case of the thiocyanate series. The key to this 
problem was provided only when the infrared spectra became 
available. Now the substantive amount of Raman data on Zn, 
Cd, Hg, Ag, Ti, Mg, Ca, Sr, and Ba nitrates can be explained. 
One of the salient facts to emerge from recent work, 
and which I will present in a Plenary Lecture at the 1987 
Meeting of ISSSSI at Regensburg, is the necessity to extend 
the number of ion-pair interactions identified in ammonia 
solutions. Additional to contact, solvent-shared, and 
solvent-separated ion-pairs (the last two of which retain an 
overall positive charge in 2:1 electrolyte solutions) the. 
argument can now be supported that intermediate types of 2:1 
stoichiometry occur in which the charge is effectively 
neutralised. There is no evidence whatsoever for two anions 
pairing with a cation in its inner-sphere of coordination, but 
one of the anions may be accommodated in the inner-shere with 
the other in the outer-sphere; 
{NO3:. .zn2 N1133)Noç. 
The availablity of the JR spectra of NH solutions 
has assisted in the interpretation of metal complexation. 
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cm 1 a 
V3 (NO3) region of the infrared Spectra of nitrate Solution in liquid ammonia 
(solution - solvent Spectrum). A and A* 	contact ion-pairs; 
B solvent - separated ion-pairs; C 	'free NO; anion. 
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Work started with Rainan studies of the complexation of Ag+ 
and Hg2+ with CN and SCN.(P35,P36,P37,P38) This 
showed that, (a) among the many complexes found in the 
Ag(I)/CN system (about 12) linkage isomerism occurs and, 
(b) weak complexation of Ag(I) by SCN is difficult to push 
beyond the 1:1 stage. Au(I) behaves differently with 
CN.(P41) 
Work is now in progress on the complexation behaviour 
of the precious transition metals in ammonia, using the IR 
method to great advantage. Analyses of the Pd(II)/CN 
system with its 11 closely spaced vibration frequencies(P40), 
and the Au(I)/CN system(P41), would have been impossible 
without the availability of both Raman and IR spectra. In the 
Pd(II)/CN the interesting kinetically slow cis-trans 
conversion of the 2:1 complex was established. The spectra 
showed that only the cis-trans process is kinetically slow and 
that the trans- form can be trapped in solution at 233K. 
Recent outside interest and support has led to the 
commencement of a programme of research into the complexation 
properties in ammonia of Pt, Pd, Au, Ru, Rh, and Ir. It has 
already been established spectroscopically that SCN and 
NO3 do not form inner-sphere complexes with Ru 3+ 
Rh3+, Pt2+,  and  Pd2+  because these cations are strongly 
solvated by powerful donor ammonia molecules. However, a 
change in shape of the spectrum profiles when the metal ion is 
titrated with KSCN indicates electrostatic interaction between 
the ions in the outer-sphere of coordination, i.e., 
-1 3 solvent-shared ion-pairs, Kass  ca.10 
2  mol dm for 
the first comipexation step of SCNwith Rh(III). 
Concurrent with the vibrational spectroscopic work I 
35 
have now designed a method and the apparatus to obtain 
uv/visible spectra from ammonia solutions by using either, the 
standard double beam method or, spectrum subtraction as with 
the IR method.(P34) This technique, aimed at obtaining 
quantitative stability constant data for precious metal ion 
complexes in ammonia, will be operating in the late summer of 
1986. 
It might be asked whether NMR spectroscopy has been 
used as a structural tool. It has! Considerable time was 
spent testing a number of resonances but ion-pairs, although 
they have been shown to be thermodynamically stable, have 
life-times far too short for the NMR time scale. Only with 
has the chemical shift been observed to change with 
the salt concentration; ion-pair constants were calculated for 
Tl+ with NO3 and C104.[Hinton and Metz, 
J.Soln.Chem., 1980,9,197; 1981,10,21] 	The interpretation of 
these authors' work is dubious because it is inconsistent with 
our unpublished Raman data. In fairly concentrated solutions 
().1M) of T1NO3 the Raman-forbidden r2(NO3) vibration is 
observed ca.830cm. The other vibration regions point to 
the formation of an outer-sphere complex with the Tl(I) centre 
solvated by NH 3 molecules; f[TI(NH3)4](NOç). 
If symmetry is to be satisfied, to allow the forbidden 
band to be observed, the planar nitrate group must face the 
metal atom face-on with its N-atom the nearest of its atoms to 
the Tl(I). This can be achieved by a H-bonding arrangement 
involving all 3 H-atoms of a solvating NH 3 molecule with the 
3 0-atmos of the nitrate ion. In no other case has the 
Raman-forbiddeny(NO3 ) vibration been observed; Tl(I) 
is unique. 
SULPHUR DIOXIDE SYSTEMS 
In the 1960's as my interest in non-aqueous solutions 
developed it became my intention to study anhydrous suiphite 
complexes of transition metal ions, particularly in relation 
to the sulphur dioxide solvent system. Much new interest in 
the chemistry of nitrato systems had been established at 
Nottingham University by Addison's group with work based on 
N204 and N205 . Sulphur dioxide and sulphites was a 
parallel area to be investigated. SO 32 has the same 
electronic configuration as N0, so could it be that 
similar covalent species exist in the sulphite system to those 
)bserved with metal nitrates and nitrato-complexes? 
At my encouragement, Dr.D.C.Goodall joined me in this 
enterprise during 1969/1970 and collaborative work has 
:ontinued. Initially the work was frought with many problems. 
The chemical 'gaff' made by G.Jander in the 1930's (corrected 
by Ingold in 1944) on the self-ionisation of SO2 is well 
known. Jander had not succeeded in preparing the amine 
suiphite he claimed to support his proposal for the 
self-ionisation process of the solvent. Ingress of water into 
his preparations resulted in bisulphite formation. All his 
preparations are reported as starting from alkylammonium 
suiphite [R4N] 2S03 but we have never been able to find 
his recipe for this substance. We never succeeded in its 
preparation, and all attempts ended with the bisuiphite. 
Consequent upon this we investigated some bisulphites.(P42) 
Eventually CoSO3 and NiSO3 were prepared. The former 
sublimed under low pressure and very high temperature 
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conditions (special apparatus was constructed by me for this 
experiment). 
Sulphur dioxide alone proved not to be a suitable 
medium because of low solubilities and the poor donor ability 
- it is an acceptor solvent. It soon became clear that mixed 
solvents such as dmso/S0 2 were more use because the donor 
cosolvent was able to solvate the cations and hold the 
electrolyte in solution to enable reactions to occur. Many 
cosolvents have now been investigated. In these mixtures the 
SO3 anion appears as 52052_ (perhaps to be 
regarded as S0 2—solvated SO ).(P43,P44,P45,P46) A 
number of transition metal suiphites ('pyrosuiphites') were 
prepared but the quality and purity of the products usually 
left much to be desired because of their intractabllty.(P45) 
One day in the summer of 1975 I was working in the 
laboratory with W.D.Harrison (a postgraduate research student 
working under my direction), when we made an important 
discovery.(P47) Many metals will dissolve directly into 
certain solvents when they are mixed with SO2 . Among these 
cosolvents are dmso, dmf, dma, and hmpa.(P48,P49,P50) Two 
features are required of the cosolvent, a high dielectric 
constant and a high donor number.[Fig.1,P52] If the cosolvent 
lacks one or both of these properties the metals do not 
dissolve spontaneously, though they can often be dissolved 
electrolytically if used as the sacrificial anode in an 
appropriate electolytic cell.(P51,P52) 
This work has attracted some industrial interest 
(which Dr.Goodall negotiated) because of possible technical 
and economic advantages which might accrue from metal 
extraction or separation processes operated at ambient 
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temperatures. Two obvious examples of possible use are: (1) 
Co can be slowly extracted from used tooling bits; (2) All the 
first row transition metals dissolve into dinso/S0 2 except Cr 
- over a long period Fe can be extracted from 'pure' Cr. 
In subsequent work reactions of transition metal oxides 
with these mixed solvent systems, from which ditionites and 
disuphates are produced, were investigated.(P53,P54,P55,P56) 
I have been jointly responsible with Dr.Goodall for the 
direction of this part of the programme of work. Most of the 
practical experimental work was carried out by research 
students (N.K.Graham and B.Jeffreys) principally directed by 
me in respect of apparatus and technique. Some of these 
papers were submitted for publication by Dr.Goodall after my 
appraisal of the work and my approval as the leader of the 
Non-Aqueous Research Group in Leeds. I have given many 
lectures(mainly abroad) on this subject area and am the 
principal contributor to papers (48),(49),(P57) and (P58). 
The mechanism of the dissolution of metals presents us 
with some difficult questions. The suiphoxylate radical ion, 
SO27, has been shown to be produced when metals dissolve 
spontaneously in binary mixed solvents containing SO 2 (from 
uv/visible spectra). It is also generated electrochemically 
between carbon electrodes if a dmso/S0 2 mixture is 
electrolysed. A good lecture demonstration I have used to 
illustrate some of the properties of this radical anion uses a 
Li metal/hinpa/S0 2 mixture. If this is recycled between 200K 
and 300K a colour change occurs. Metal cations form ion-pairs 
with the S027 radical ion.(P48,P49) These solvent 
mixtures have dielectric constants (E  between 12 and 25), 
comparable with liquid ammonia, which favours ion-pairing. 
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The SO2 radical anion has a very sharp absorption band at 
390nm but on pairing with cations Its spectrum changes to a 
broad feature between 500nm and 600nm.(P48,P49) On cycling 
the temperature the equilibrium, 2SO 2 S2O 24 , 
is shifted to and fro with the suiphoxylate anion the dominant 
species at lower temperatures. Here S0 27 Is available to 
form ion-pairs but at higher temperatures colourless 
S204 forms. This situation pertains for most of the 
cosolvents which, with SO2 , dissolve metals to produce 
dithionite. However the cosolvent dmso is different. It 
oxidises S from S(IV) to S(VI) to give disulphate, 
S207 -, and dimethyl suiphide as products. 
We have a dilemma. The S-O-S bridge is not available 
from the disuiphite, S2O5 , in which the S-S linkage 
occurs, so we must ask how (or whether) the S-S linkage is 
converted to S-O-S by an oxidation process Involving dmso. 
With a view to answering this problem I supervised the recent 
work of the postgraduate student, B.Jeffreys, with the aim of 
identifying the range of species present In dmso/S0 2 . This 
spectroscopic and phase study (P57,P58), principally conducted 
by me, established beyond doubt the existence of adducts of 
stoichiometry 2:1, 1:1, and 1:2. It can now be inferred that 
species are present in dmso/S0 2 which contain the S-0-S 
nucleus of the disuiphate anion. Thus it can be proposed that 
the reaction of metals with dmso/S0 2 mixtures follows a 
different course from that with cosolvent/S0 2 mixtures which 
react through the dimerisation of the suiphoxylate radical 
anion to dithionite. This message will form the substance of 
a new publication to update my views on these mechanisms. 
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Diamagnetinn in a Quasl-teahedraI NIckel(u) Complex 
By H. lRvmao and J. B. Gui. 
(INORGANIC CHEMISrRY LABORATORY, Oxpoiw) 
IN connexion with studies of the constitution of metal 
complexes of the analytical reagent "dithizorie" 
(3-mercapto-1 :5-diphenyLformazan)' we have pre-
pared a series of metal complexes of 3-alkyl(or aiyl)-
1 :5-diary1formazans (as 1). Examination of models 
showed that these complexes could best exist in a 
form in which the bonds were arranged tetrahedrally 
around the central metal atom, a coplanar con-
figuration of the formazan rings about the nickel 
atom being quite impossible owing to steric hindrance 
from the bulky aryl constituents. 




complexes (as I; ft Me; Ar = Ar' =- phenyl or 
p-tolyl) were found to be diamagnetic in the solid 
statew Solutions in benzene were monomolecular and 
their absorption spectra showed prominent bands at.. 
:. 785 m (e . 9200) and at 417--422 m (e .' 14800). 
The  latter is characteristic of an allowed transition,. 
- and Sacconi, Panletti, and Maggio' conclude from a • 
study of the absorption spectra of a number of 
quadricovalent nickel(n) complexes that a "band at 
:
406410 m- can be recognised as that of the Ni 
chclates with dip' èovalcnt structure". On adding an 
cess of pyridine to the benzcne solutions, the bands 
at 785 and 420 m1A are replaced by a single band 
• 	
ntrnd at 495-505 mu. .- 5000). However. the 
complexes recrystallised unchanged from hot pyrid-
inc and retained none of the solvent.' 
If the magnetic data for these nickel complexes are 
to be interpreted as pointing to a distorted planar 
structure with dip' bonding (as H), the compound 
with dissimilar aryl groups should be asymmetric 
Using (+)-quartz we have achieved a partial resolu-
tion ([M1" = 493) of the compound (LI; Ar = 
phenyl, Ar' p-tolyl). In a possible alternate struc-
ture (UI), involving 5-membered chelatc rings, there 





• 	 •VV• 	 V 	
V 
"r" 	V •V V 	 V 
V 	 Ar 
dispositionV: of nitrogeti atoms  aboutthc. cthtral: 
V 'V 
nickel atom in ticL-form, though somewhat less in : 
the trans-form depicted. If this were to be relieved 
by a non-coplanar rearraugnentOfthoN-N.bflds.. 
an asymmetric molecule would result whether ow not 
the axyl groups were identical. That we 	Vun VV 
resolve the " " nfrkdipIc*à(ia.' 
II; Ar Ar' =phenyl orp-tolyl) underconditioriàV 
successfully employed for (II; Ar =. phcnyl, Ar': -= 
p-tolyl) appears to support the quaskeirahedral . 
conformation (H). A coplanaraffanScmintofthicfour ' 
 
Ni-N bonds can. only be achieved it the forfna2an 
rings are severely buckled (with consequent loss of 
resonance energr) and if the sly1 groups from the 
two ligands lie in nearly parallel planes and almost,. 
touch each other. 
V  - V 
 ,e'ceiyed May 5th, 1958.) V 
• 	'Irving and Sell, /., 1954, 4253. and refs. therein. 	V 	
VV V 	 V 	 V 
'SaCconi, Paolctti, and Maggio, I. Amer. Chem. Soc., 1957, 79 4067 	 •V V 
V 	
$ Cf. Basolo and Matoush, ibId, 1953. 75, 5663. 	V: • 	 •• 	 • 	 V 	 V 	 V 	 V • 
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Preprinted from the Journal of the Chemical Society, 
May, 1960, (423), pages 2087-2095. 
423. .The Structure of Some L)i-(3-methyl-1,5-ciiarylformazyl) 
nicicel(u) Colhplexe8. 
By H. IRVING J. B. GILL and (m part) W. R. CROSS 
... .3-Methyl-1,5-diphenyl, 3-methyl-1(or5)-phenyl-(or l)--toIy1-, and 3-
.nithyI-1,5-di--tolyl-formazan have been. prepared and their absorption 
spectra in benzene and pyndine studied The fçripazans yield diamagnetic 
bis complexes yith nickel(ii) [but not with Hg(n) or Zn] which are monomeric 
In benzene and form loose pyndine adducts having characteristic spectra 
Di C3-methyl-l(or 5)-phenyl-5(or t)-p to1ylfornizyl]nickel(ii) has been 
ièsolved by chrdmatography on (+)-quartz, biitè&nplexes with the 1,5-di-
pheny1 and thb1,5-di-p-to1y1 analogue were ñot'tá1vable. It isccinthided 
that: these nickel complexes contain six-membeiOd chelate rings with either 
distorted planar or gross1ydistorted tetrahedral: conñgurations of nitrogen 
. 	•atomsroun4thecen.metaJ. . The sificce of these resuith in interpret- 
ing e scture metalithizone complexes is 4iscussed. 	: 
.1.5.Diphenylfomaian . hae been shown to form a:rnonohydrate. : Like. 
1 3 5 triphenylormazan it forms complexes with nickel cobalt and copper,  
but only gives a loose adduct with mercuric chloride 1 Methyl 1,3 5 th 
phenylformazan oukl not be prepared by coupling a diazontum solution 
with benzaldehyde methylphenylhydrazone or by the methylation of 1 3 5 
triphenylformazan 
ALTHOUGH the ezipirical formul of most metal complexes of the analytical reagent 
dithizone (diphenyithiocarbazone) (I) and 3-mercapto-1 5-diphenyLforma.zan (LI, R = SH, 
Ar = Ar' = Ph) have been established, their structure still remams in doibt Following 
Fischer,' most authors f9nrn4ate the so-called keto-complexes as derivatives of the 
tautornerc k)rm (I), the imino-hydrogen. atom being replaced by metal. Since metals 
which most reãdily.iorm dithizonates (i.e., Ag,-Hg, Cu,.Co, Ni, d,. TI, Bi, Zn, In) are 
precisèy th se which are most readily separated as. suiphides in ; qualitative analysis it 






(II) 	 (III) 




seems rather more probable that their dithizoné complexes would contain metal-sulphtir 
bonds and that they could be derived formally from the thiol tautomer of dithizOne (II; 
R SH, Ar = Ar' = Ph). This suggestion 2  is supported by. the failure of S-methyl-
dithizone (II; R = SMe, At = Ar' = Ph) to form metal complexes 3 under conditions 
where dithizone reacts readily, and more decisively by the results of an X-ray crystallo-
graphic study of mercury dithizonate' which establishes unambiguously the presence of 
the grouping 'C-S-Hg-S-C. 
A further argument against Fischer's formulation with. metal-nitrogen bonds can be 
based on steric considerations. Examination of models shows that steric hindrance to 
co-ordination due to the proximity of the four bulky phenyl groups would be least with 
metals such as mercury, zinc, and cadmium which favour tetrahedral bond orbitals, but 
would be so large as to inhibit complex formation completely with metals such as copper 
and nickel which adopt square-planar configurations in their inner chelate complexes 
(unless gross distortion from coplanarity could occur). In fact there appears to be no 
great difference between the ease of formation of dithizone complexes with these different 
P2 
metals, and the absorption spectra of the corresponding complexes present no distinguish-
ing featurcs. That dinaphtliylthiocarbazone forms metal complexes as readily as dithizone, 
despite the enormously increased steric hindrance to co-ordination that would result if 
imino-hydrogen atoms were involved, appears to be a cogent argument against Fischer's 
views. 
Nevertheless it has been established that complex formation can involve the irnino-
hydrogen of a formazan (at least when no alternative is available), for Hunter and Roberts 
prepared copper, cobalt, and nickel complexes of diphenyl-, phenyi-p-tolyl-, p-methoxy-
phenyl-phenyl- and p-bromophenyl-phenyl-forrnazan, and nickel and cobaltous complexes 
with - and -naphthylphenylformazan (II; R = H). Many further examples are 
provided by the work of \Vizinger and his collaborators. 6 Since a coplanar arrangement 
of nitrogen-metal bonds appears to be sterically impossible, at least for nickel and copper 
complexes of diarylforrnazans, it was decided to re-examine such substances to see what 
light they might throw on the structure of metal dithizonates and, more particularly, 
whether the nickel complexes would be forced to adopt a tetrahedral disposition of bonds 
and thus provide unambiguous examples of paramagnetic four-covalent complexes. 
The preparation of pure substituted formazans is notoriously difficult, for small changes 
in reaction conditions readily lead to mixtures of different products. 7 These preparative 
difficulties and the additional possibility of polymorphism led originally to the belief that 
pairs of isomers (II and III) could be obtained by the action of the diazonium salt 
Ar'N 2 X upon an arylhydrazone AE'NHN:CHR, or by the action of Ar'N 2 X upon 
Ar'NHNCHR respectively. Hunter and Roberts were the first to prove the identity 
of a number of alleged isomer pairs by miiced melting points 8 and by their yielding identical 
metal derivatives. 5 ' 8 Kuhn and Jerchel° prepared other possible isomeric pairs and 
established the identity of their absorption spectra and X-ray powder diagams, and Ragno 
and Bruno 10  showed that a number of possible isomeric pairs gave the same products on 
reduction and yielded the same sodium and potassium salts. With the exception of an 
unconfirmed claim by Ragno and Oreste 11  of certain differences in the pair (H and III; 
R = Me, Ar = p-nitrophenyl, Ar' = 2,4-dinitrophenyl), the absence of isomerism in 
unsymetrically substituted 1 ,5-diarylformazans may be taken as proof of mesomerism 
(II -'------.- III) brought about by internal hydrogen bonding. 8 There remains, however, 
the possibility of cis-(rans-isomerism about the -N:N- bonds, and syn-anti-isomerism 
about the :CN- bonds, leading to four possible geometrical isomers. This problem has 
been thoroughly studied by Kuhn and his collaborators 12.13  who have demonstrated the 
effect of light and the nature of the solvent upon the equilibria between the various forms 
in solution. 
The absence of isomers of copper, nickel, or cobaltous complexes of unsymmetrical 
1,5-diarylformazans 5.8  implies mesomerism in the chelate ring system (one canonical form 
of the nickel complex is shown as IV) with identity of bond order in the pairs of carbon-
nitrogen, nitrogen-nitrogen, and nitrogen-metal bonds. Resonance will thus stabilise 
the chelate rings in a planar conformation and, if the nickel were in square-planar co-
ordination, cause the aryl groups to overlap. Although this steric factor appears to favour 
the formation of complexes with metals which adopt a tetrahedral disposition of bonds we 
have not succeeded in preparing a mercury or zinc complex from anyof a number of diaryl-
formazans (e.g., 11; R = H, 3lkyl, or aryl). This is in striking contrast to the ease with 
which mercury and zinc complexes of dithizone are formed and is an argument against 
Fischer's formulation (see above). 
In preliminary studies we confirmed Hunter and Roberts's preparation of cobalt, nickel, 
and copper complexes of 1,3,5-triplienylformazan, 5 and extended their method to other 
formazans. In general, time metal content of the copper complexes was higher than that 
calculated for a smmplc diclielated complex and would not be correct for any reasonable 
hydroxy-bridgcd structure. It appears that time method of preparation does not allow 
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isomers such as have actually been isolated in the case of 1,3,5-triphenyl- and 3-ethyl-1,5-
diphenyl-formazan. 12  An analysis of the absorption curves on this basis leads to the 
results of Table 1 which more clearly demonstrates the progressive effect of introducing 
the p-methyl groups. 
The absorption spectrum of a solution of the unsymmetrical 3-methylforma.zan (II or 
III; R = Me, Ar = Ph, Ar' = p-tolyl) in pyridine still shows evidence of the presence of 
some of the "red" isomer, though in much lower proportion: the positions of the maxima 
(415 and 512 m) are scarcely changed. Since they arc obtained by dividingmea.sured 
absorbancies by the total weight of solute, the "molecular extinction coefficients." given 
in Table 1 are considerably underestimated. On the assumption that the molecular 
extinction coefficient is substantially the same for solutions in benzene and pyridine and 
that solutions in either solvent consist of an equilibrium mixture of the same two isomers, 
each of which has a single peak in its absorption spectrum, it can be shown that the" red" 
isomer absorbing at 512 mjL will have a molecular extinction coefficient of 13,300 while 
that of the "yellow" isomer would be 33,500 at 415 ms. The benzene solution then 
contains 55% of " red" and 45% of" yellow " isomer while the pyridine solution contains 
80% of the former. It is noteworthy that Hausser, Jerchel, and KUIUI,12 who 
isolated the individual isomers of 3-ethyl-1,5-diphenylformazan report that, immediately 
after dissolution in benzene, the "yellow" form gave a spectrum with a main band at 
405 m (e 69,000) with a subsidiary peak (due probably to some of the "red" form) at 
480 m (e 5000): the red form gave peaks at 480 (e 31,000) and 405 m (c 11,000) corre-
sponding closely to the equilibrium mixture. 
Nickel complexes of all three formazans were obtained pure and in high yield as well 
crystallised black solids which were stable up to 2500  but melted with decomposition. 
They are slightly soluble in benzene and even less so in n-hexane, to give yellow-brown 
solutions. They are insoluble in all other common solvents, except pyridine in which they 
dissolve to the extent of about 15 g./1. Their absorption spectra in benzene (cf. Fig. 2; 
Table 2) are very similar, for they exhibit two prominent peaks at 357-360 and 418-
424 mjL with a well-defined maximum in the near-infrared region. By using n-hexane as 
solvent it was possible to record the spectrum of di-(3-methyl-1-phenyl-5-p-tolylformazyl)-
nickel(ii) into the near-ultraviolet region (Table 2). 
TABLE 2. The absorption spectra of nickel complexes of 3-methyl-1 ,5-diaryl- 
formazans (II; R = Me). 
Concn. 
Ar 	Ar 	(lOM)  
Ph Ph 7782 	357 (13,300) 383 (12,100) 418 (14,800) 600 (1550) 780 (9200) 
Ph 	p-Tolyl 	9091 360 (14,400) 389 (12,200) 420 (14,600) 600 (1650) 785 (9070) 
Ph p-Tolvl t 2750 	360 (15600) 386 (13.100) 418 (15.600) 	- 	780 (9750) 
p-Tolyl p-Tolyl 	7416 360 (14,700) 393 (12,300) 420 (14,900) 600 (1900) 785 (9240) 
Figures in parentheses are molecular extinction coefficients. 
.t Measured in n-hexane. Additional features in this solvent were: 225 (sh) (28,000); 	247 
(23.600): 	260 (25.820); A,,,,0• 290 (15,600); A rn ,. 307 (18,600); A, 	339 m (14,200). 
The strong band at -.420 m& is characteristic of a covalent nickel chelate complex 17 
and its intensity (log c 4.1) is that of an allowed transition, probably 3d - 4s. From 
a study of the absorption spectra of a number of quadricovalent nickel(ii) complexes 
Sacconi, Paoletti, and Maggio 18  concluded that" a band at 406-410 mjL can be recognised 
as that of nickel chelates with dsp 2-covalent structure." This deduction was confirmed in 
the present instance by measurements of the magnetic susceptibilities of the three nickel 
complexes as solids. They all proved to be diamagnetic (106x = —05 to —08 c.g.s. 
unit/g.). With azobenzene as a reference solute it was possible by an isopiestic method 19 
to show that the nickel complexes of 1,3,5-triphenylformazan, 3-niethyl-1,5-diphenyl-
formazan, and :l-metliyl-1-phenyl-5-p-tolvlformazan were monomeric in benzenc. solution. 
These results s1iov that these nickel-formazan complexes are spin-paired compounds, 
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complete removal of basic copper salts from the very sparingly soluble complexes. 5 On 
the other hand, nickel complexes of 3-alkyl(or aryl)-1 ,5-diarylformazans were obtained 
pure and in excellent yield by the interaction of their components in absolute alcohol even 
when poor yields resulted by Hunter and Roberts's procedure. 5 The nickel complex of 
1,5-diphenylformazan was obtained pure, but in poor yield. In this connection we 
observed that' the crystalline red parent formazan of m. p.  117° gave a slightly lighter 
coloured monohydrate of m. p.  84-85° when recrystallised from aqueous methanol. This, 
and not a change in the proportions of geometrical isomers (cf. ref. 12), probably explains 
why Ponzio 'and Gastaldi's preparation, 14  which had been recrystallised from aqueous 
alcohol, was reported as melting between 100° and 108°.' 
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3-Methyl-1 .5-diphenyl-, 3-methyl-I (or 5)-phenyl-5(or i)-p-tolyl-, and 3-methyl-1 ,5-di-p-
tolyl-formazan were prepared by conventional methods 10.15  as finely crystalline red needJes 
with a light blue reflex. Their absorption spectra in benzene (cf. Fig. 1) are very similar, 
with a well-defined peak which is progressively displaced towards longer wavelengths by 
the introduction of the p-methyl group [44)8 (c 14,600), 413 (c 14,500), and 420 ms (c 15,000) 
respectively]; Pupko and Pel'kis 16  have noted a similar effect in substituted dithizones. 
The similarity of the absorption spectrum of phenyl-p-tolylformazan to those of the 
diphenyl and ditolyl analogues, together with its intermediate position, provide further 
evidence for mesomerism (II -'*---..- III) in the formazan ring system. 
The presence of a shoulder in the absorption spectra of each formazan at about 480 mtL  
(e 9300-10,300) indicates the presence of a second absorbing component and suggests 
that these benzene solutions are equilibrium mixtures of red " and " yellow " geometric 
TABLE 1. Absorption spectra of 3-methyl-1 .5-diarylformazans (II; R = Me) in benzene. 
Concn. Yellow" isomer " Red" isomer 
Ar 	Ar' (10'M) Arn,, C £ 
Ph Ph 8•100 406 14,000 498 	8,600 
Ph 	p-TolyI 8000 412 14,400 508 8.750 






disposition about the nickel atom in the cis-form, though less in the trans-fonn. If, in this 
case, steric strain were relieved by the adoption of a non-coplanar arrangement of Ni-N 
bonds, an asymmetric molecule would result whether or not the aryl groups were identical. 
However, no optical resolution of di-[3-methyl-1,5-diphenyl(or ditolyl)formazyl]nickel(n) 
could be achieved under conditions identical with those employed successfully for the 
unsymmetrical analogue (Ar = Ph, Ar' = p-tolyl). 
FIG. 3. Splitting of energy levels in distorted planar or tetrahedral nickel conplexes. 
A 	 a 	 C 	 0 
The precise conformation of these nickel-formazan complexes must await a full X-ray 
crystallographic study. A coplanar arrangement of four Ni-N bonds can only be achieved 
if the formazan rings are severely buckled (with consequent loss of resonance stabilisation 
energy) and if the aryl groups from the two ligands lie in nearly parallel planes and in close 
proximity. This may explain why such compounds are only obtained readily with nickel 
and to a smaller extent with copper. It is less easy to see why no genuine tetrahedral 
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complexes are formed with mercury, zinc, or cadmium. Their non-existence, the 
excessively low solubility of nickel and copper complexes inchloroform or carbon tetra-
chloride, and the evidence of their absorption spectra (which differs so completely from 
the simple spectra characteristic of metal-dithizone complexes) all point against Fischer's 
formulation 1 of dithizone complexes as compounds in which the imino-nitrogen atom has 
been replaced by a metal. 
EXPERIMENTAl. 
Preparation of 3-Methyl- 1 ,5-diphenylJormazan.--.A fter experience of Wedekind's procedure 
starting from pyruvic acid," and that of Bamberger and Pemsel, 15 both of which gave poor 
yields and a high proportion of tarry by-products, the following preparation, based largely on 
the work of Ragno and Bruno 10 was found to give the most reproducible results. 
Acetaldehyde phenylhydrazone (10 g.;  m. p. 02°; freshly recrystallised from ethanol) was 
dissolved in warm ethanol (50 ml.), and the solution was cooled to 0°. Over a period of 5 miii. 
a diazonium solution prepared at 00  from aniline (12 g.). concentrated hydrochloric acid (27 ml.), 
water (50 ml.), and sodium nitrite (9 g.) was adde(l . After a further 2 hours' stirring, a red oil 
separated which solidified overnight at 00.  The total yield from five such preparations 
(76.5 g.) was collected and dried in vacuo over calcium chloride. After one recrystallisation 
from ethanol, orange-red needles, in. p. 121°, were obtained (49 g., 59%). After two more 
recrystallisations the in. p was constant at 1255 (Found: N, 235. CaIc. for C 14 H 14 N 4 : N. 
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presumably with dsp 2-bonding, and that their alternative formulation as spin-free com-
plexes with sp3-hybrid bonds in tetrahedral disposition must be rejected. Further 
evidence in favour of planar as opposed to tetrahedral bonding was sought by treating the 
compounds with pyridine which in the former, but not in the latter case, should give a 
paramagnetic 6-co-ordinate adduct. 20 When 1 ml. of pure pyridine (a factitious excess) 
was added to 25 ml. of a solution of the nickel complex (IV; R = Me, Ar = Ar' = Ph) 
(0.0637 g./l.) absorption peaks at 357, 418, and 780 m (see Fig. 2, curve A) due to the 
original nickel-formazan complex were lowered, while new bands appeared between 500 
and 700 m. The absorption spectra after 2 hours and 2 days respectively are shown in 
Fig. 2, curves B and C. By using the optical absorption at 780 m.& the course of the 
reaction with time could be followed. It was rapid at first, but not complete after 1 day 
even when a great excess of pyridine was used. The residual absorption at 780 mIA clearly 
corresponded to unchanged nickel-.-formazan complex, for the values of the absorbancies 
at all wavelengths between 700 and 900 mi were in a constant ratio (0 .589) to those of the 
original nickel complex in this range Independent measurements had shown that Beer's 
law was obeyed by the parent complex over the concenti'ation range from 0 to 11 x 10 -4 M, 
both at 418 and 780 m. Since it had already been shown (Fig. 1) that the formazan 
itself did not form a complex with pyridine it was legitimate to substract the contribution 
of unchanged nickel-formazan complex from curve C and so arrive at that of the adduct 
alone (curve D). This proved to be very much like that of the original formazan, with one, 
rather weak, main band at 510 m (c 5070) with a shoulder at 595 m. Similar experi-
ments with di-(3-methyl-1,5 7diphenylformazyl)nickel(u) and pyridine disclosed a similar 
adduct, giving an absorption maximum at, 505. m& (c 4820) and a shoulder at 595 m&, 
Attempts to prepare the pyridine adducts in the solid state failed. The black crystals 
which separated from a solution of. di-(3-inethyl-1,5-diphenylformazyl)nickel(ii) in. hot 
pyridine gave an absorption spectrum in benzene identical with that of the original metal 
complex, and they lost no weight when placed in vacuo over sulphuric acid for 3 days. We 
have not yet investigated the magnetic properties of the solutions of the nickel-formazan 
complexes; and since these complexes decompose on melting, it is impossible to state 
whether, as with di-(N-alkylsalicylaldimine)nickel(n) complexes, 21  diamagnetism is 
confined to the solid state. 
The reflectance spectra of the three nickel-formazan complexes were very similar. The 
most prominent feature for di-(3-methyl-1,5-diphenylformazyl)nickel(ii) was a fairly sharp 
absorption band centred at 386 m.t, which was displaced successively to 389 and 410 mtL by 
introduction of p-methyl groups. All three complexes had a broad band centred at 705-
720 mi. 
The diamagnetism and spectral data for these 4-co-ordinate nickel-formazan com-
plexes, and their reluctance to form stable adducts with pyridine, arc consistent with either 
a slightly distorted planar structure or a sufficiently distorted tetrahedral structure. For, 
while ligand-field theory predicts paramagnetism for a Ni(ii) complex with eight d-electrons 
in a regular tetrahedral field, and diamagnetism in a square planar field (Fig. 3, schemes A 
and D), a Jahn-Teller distortion of the tetrahedron comprising a compression along a two-
fold axis of symmetry would cause the upper triplet of A to split into an upper singlet and 
a lower doublet (Fig. 3, B). If the distortion were large enough and the energy separation 
of the two uppermost levels great enough (Fig. 3, C), diamagnetism would result. 
Evidence for the non-coplanarity of the chelate rings in di-(3-methyl-l-phenyl-5-j-
tolylformazyl)nickel(ii) (V; R = Me, Ar = phenyl, Ar' = p-tolyl) was obtained by 
partial resolution on a column of (+)-quartz. The most active fractions had [M] 
+493°  and —450" respectively and racemised only slowly at room temperature. The 
complex can therefore be formulated as (V). The alternative formulation (VI) with 
5-membered chelatc rings is inconsistent with the absence of isomers when Ar and Ar' are 
dissimilar (sec above), and there would still be excessive steric hindrance to a planar 
P2 
23•5%). Wedekind 22  reported 121 0 , Ragno and Bruno 10  123°. and Hausser, Jerchel, and 
Kuhn 12  124-126°. 
3-Meihyl-1,5-di-p-tolylformazan (23 1 g.), prepared similarly from acetaldehyde p-tolyl-
hydrazone (15 g.;  m. p. 96-97 0), formed orange-red needles, m. p. 181-182 °, with a light blue 
reflex, from boiling ethanol (Found: N, 212. C11H12N4 requires N. 21.2%). 
3-Methyl-1(or 5)-phenyl-5(or 1)-p-tolylformazan (15.5 g.), prepared similarly by coupling a 
solution of acetaldehyde phenylhydrazone (10 g.) with a diazonium solution prepared from 
p-toluidine (8 g.) at 0°, recrystallised from ethanol (charcoal) as orange-red needles with a light 
blue reflex, m. p. 15550  (5.5 g., 30%) (Found:. C, 71'8; H, 64; N. 223. C15H 16N4 requires C, 
71'4; .H, 64; N, 22'2%).  
Preparation of Di-(3-methyl-1,5-diphenylfo?mazyl)nickei(Ii).—A solution of the formazan 
(3'45 g.) in ethanol (50 ml.) was heated under reflux (1.5 hr.) with h solution of nickel acetate 
(1.85 g.) in ethanol (50 ml.). The solid product was collected and any adhering formazan was 
removed by washing with alcohol until the washings were colourless. The residue was then 
washed in turn with N-hydrochloric acid, water, and ethanol, and dried in vacuo (CaC1,). 
The aqueous washings gave no test for nickel with dimethyiglyoxime. Di-(3-methyl-1,5-di-
phenylformazyl)nickel(zi) formed black flaky crystals with a strong metallic lustre (2.48 g., 
95'7%), decomp. >300° without melting [Found: C, 63'0; H, 49; N, 210; Ni, 11.0%; 
M(isopiestic in benzene), 19 502. 503. C,,HN,Ni requires C. 63-1; H, 4•9; N, 21•0; Ni, 
11.0%; M, 533-3]. 
The solid complex is diamagnetic with 10x = —0-8 c.g.s. unit/g. Like the other nickel 
complexes described below it is only slightly soluble in benzene and very sparingly soluble in 
n-hexane in which it gives a yellow-brown solution. It is insolubl6 in all other common solvents 
except pyridine (-4.3 ./1.).  
-Di-(3-methyl-1,5-diphenylformazyl)copper(ir), prepared similarly in 50% yield from the 
formazan and cupric acetate, formed an impure micro-crystalline powder (Found:. Cu, 14' 1. 
Caic. forC18H,,N,Cu: Cu, 118%). . . . ,. . 
Attempts to prepare cobalt and zinc complexes were unsuccessful and the formazan was 
recovered unchanged by diluting the reaction mixture with water. 
Di-(3-thyl-1-jhenyl-5-p-tolylformazyl)rnckel(ii) was obtained from the formazan in 65% 
yield as black crystals whose diamagnetic susceptibility was lO' —0.5 c.g.s. unit/g.[Found: 
C; 644; H. 5•5; N, 19'9; Ni, 10.4%; M (isopiestic in behzene), 537, 537. C,H,N,Nirequires 
C. 64-2; H, 5'4; N. 200; Ni, 104%; M, 561.3]. No cobalt complex was formed when an 
alcoholic solution of the formazan was heated under reflux with cobaltous acetate. Di-(3-
mel/iyl-1,5-di-p-tolylfor,nazyl)nickel(II), prepared similarly in 86% yield, formed flaky black 
crystals which decomp. >300° (Found: Ni, 102. C,,HN,Ni requires Ni, 10'0%). 
Hydrate of 1,5-Diphenylformazan.—Preparation of 1;5-diphenylformazan by coupling 
malonic acid with benzenediazonium chloride "was found to depend upon reaction conditions. 
It was essential to keep the temperature below 3° and the pH above 9 during the coupling. 7 
To a diazonium solution prepared from aniline (23 g.), concentrated hydrochlOric acid 
(82 ml.), water (100 nil.), and sodium nitrite (18 g.), was added sodium acetate (50 g.) in water 
(100 ml.). The whole was cooled to - 5 ° and added in 10 mm. to a stirred solution (also at —5°) 
of malonic acid (26 g.) and hydrated sodium acetate (50 g.) in water (300 ml.). The temper-
ature was not allowed to rise above 3° during the addition. After being stirred for a further 
2 hr. the mixture was left in a freezing-mixture for 36 hr. The flocculent red product (42 g.; 
m. p.  90°) was collected and dried in vacuo (CaCl,). After a further 5 days in oacuo over 
phosphoric oxide the solid had darkened and the m. p. rose to 113°. From dry methanol 
(charcoal) 1,5-diphenylformazan formed small dark red crystals with a faint violet lustre and 
m. p.  117° (Found: N, 25-0. Calc. for C 13H 12N: N, 25.1%). The m. p. depends somewhat 
on the rate of heating (cf. 116—I 19°, 117-120°, von Pechman "; 117-119°, Claisen 14;  117°, 
\Valther *5;  120°, 100-108°, Ponzio and Gastaldi 24;  116°, Busch and Beust"; and 114-
116°, Hausser, Jerchel, and Kuhn 12).  When recrystallised from water-methanol (1:1.5) 1,5-
dipheny1formazan formed a dark red ;nonohydrale, m. p.  84-85° which gradually lost water 
when heated in vacuo over phosphoric oxide and reverted to the anhydrous formazan of m. p. 
117° (Loss at 64° 1 mm.: 71, 69. C 15H 12N 4 ,H2O requires H 10, 7'4%). 
Di-(1,5-diphenvlfornza:yl)nickel(im) was obtained in fair yield as a black micro-crystalline 
powder (Found: Ni, 117. C.,H..N 8Ni requires Ni, 11.6%). The copper complex, prepared 
similarly, was not obtained pure ([ound: Cu. 156. Calc. for C 26H. 1N 8Cu: Cu, 124%). 
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D-(1,3,5-triphenylformazyl)nickel(ii) was obtained in 91.5% yield from 1,3,5-triphenyl-
formazan by Hunter and Roberts's method 8  as a black micro-crystalline powder, decomp. 
>3000  [Found: Ni. 8-85%; M (isopiestic in benzene). 621, 627. CaIc. for C 39H30N8Ni: Ni, 
8.9%; M, 657-4], with 10' —05 c.g.s. unit/g. 
Absorption Speara.—These were measured with a Unicam S.P. 500 with a cell-compartment 
at 25° (thermostat) and matched cells. 
Action of Pyridine on a Solution of Di-(3-meth) ,1-1 ,5-diphenylformazyl)nickel(ii) in Benzene.-
Redistilled pyridine.(1 ml.) was added to a solution (25 ml.; 0-0637 g./l.) of the nickel complex in 
.benzene. A 1 cm. stoppered cell was filled with this mixture and the spectrum recordedafter 
various times; a reference cell filled with a mixture of benzene (25 ml.) and pyridine (1 ml.) was 
used... Kinetic measurements at 780 mi on (a) a solution containing 0-0812 g. of the nickel 
complex and 391 g. of pyridine (molar.ratio 1: 4300) per 1. and (b) a solution containing 
0-1126.g; of the nickel complex and.O'196 g. of pyridine (molar ratio 1 :2.2) per), gave the 
following results. . . . . 
Time (mm) 	 0 	20 	40 	60 	100 	200 	500 	1000 
Optical density ml cm.cèll (a) 	14 0-54 0-39 0-34 0-32 0-29 0-24 0'21 
(b) 2 0 	1 36 	1 20 	1 17 	1 10 	1 14 	118 	1 12 
Attempted Preparation of. the Addtict of Pyridine and Di-(3-methyl-1,5-diphenylformazyl)-
nichel(n).—A solutiOnof the nickel ëomplex (03g.) in hot pyridine (15 ml.) was heated.ón a 
water-bath for 1 hr. The black crystals which separated on cooling were óollected a.nd dried 
rapidly between filter papers The absorption spectrum in ben.zene was identical with that of 
the original nickel-formazan complex The remainder (0 2294 g) was kept in vacuo over 
sulphuric acid (wt.aftà 1, 2, and 3 days: 02281, 0-2283, and 02280 g. respectively), then 
a.naled (Found :..Ni, .108. Calc.. for CH 21N8Ni,.H 5N: Ni, .8-2. CaIc. foi, cH8•N.Ni: 
Ni 11 0%) 
Optical Rè'sotulion 6f' Di(3- thyl-1-Øenyl-5-tolylformazyl)nickü(ii).—( + )-Quxtz (120 
mesh) was washed with, water, acetone and benzene heated at 1000  in a partial vacuum over 
phosphoric oxide and then placed in dry benzene in a chro matographic column (20 x 2 cm) 
A solution of the nickel complex in ben.zene (0 0021 g /10 ml) was placed at the top of the 
column and eluted with benzene (-3---4 ml /min) Successive samples of 50 drops each were 
collected and diluted to 35 ml. The.optical rotation was determined at 22° in a Bellingham 
and Stanley polarimeter with sodium light and a 40 cm cell The concentration of complex in 
each sample was determined from the optical density measured at 785 and 420 mi. Typical 
results were: 	 .. . 	 . 
Sample no . ......... 	1 	2 	3 4 	5 	6 	7 	8 	9 	10 
Concn. (10 4M) 	 0-0 . 0-814 1-40 	2-90 4-20 600 7-00 7-90 8-60 8-40 
0.00 +49.30 +25-5° +7-69° 0-0 	00° 	0.00 	0.00 	00° 	0-00 
Sample no . ......... 	11 	12 	13 	14 	15 16 17 18 19 
Concn. (10 3M) 	 7-20 5-70 5-20 4-30 3-40 	2-60 	1-40 	0-50 	0-0 
0.00 	0.00 	00° 	1.030 2630 7.720 31.80 44.60 0'00 
For each sample the ratio of the measured absorbancy at 424 to that at 785 mi was 1-60 ± 0-03, 
thus confirming the chemical homogeneity of the complex. 
Attempted Preparations of 1,3-Dimethyl.l,5-diphenylfor,nazan..—(à) 3-Methyl-1,5-diphenyl-
formazan (5 g.), sodium ethoxide (from sodium, 0'54 g., and ethanol, 50 ml.), and methyl iodide 
(2 ml.) in ethanol (55 ml.) were heated under reflux. After removal of sodium iodide and 
solvent a deep red viscous product was obtained. 
(b) Benzaldehyde N'-methyl-N'-phenylhydrazone [from benzene-light petroleum (1: 1)] 
was pale yellow, with m. p.  104° (Found: C, 80'1; H. 6-6; N, 13-3. C 1411 14 14T 2 requiresC, 80'0; 
H, 6-7; N, 13-3%). Attempts to couple this hydrazone (dissolved in pyridine) with benzene-
diazonium chloride gave only starting material. 
We express our gratitude to Dr. Owston for carrying out magnetic measurements, and to 
Imperial Chemical Industries Limited and to Messrs. Hilger and \Vatts Ltd. for the loan of 
apparatus and materials, respectively. 
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Acid Strengths of Various Substituted Formazans in Ethanolic Solution 
By J. Bernard Gill.' Harry M. N. H. Irving. and Ann Prescott. Department of Inorganic and Structural 
Chemistry. The University of Leeds. Leeds LS2 9JT 
The acid strengths. pK_ of a number of substituted 1.5-diaryltormazans have been determined by spectrophoto-
metric titration with sodium ethoxide in ethanol. For the yellow non-intramolecularly hydrogen'bonded isomers. 
with alkyl and chloro-substituents in the 3-position. pK, = 18.0-19.0. 1.5-Diphenylformazan is substantially 
more acidic (pK,, = 16.5 * 1.0), and methyl substituents in the 1- and 5-aryl groups have the small but positive 
effect of lowering the acid strength. Triarylformazans exist substantially as the red intramolecularly hydrogen-
bonded isomers, and are generally too weakly acidic for titration with sodium ethoxide. 
Evidence for intramolecular hydrogen bonding when a 3-nitro-group is present, and also for the existence of 
lautorneric forms of 3-cjiphenylmethylformazans has been obtained. 
FORMAZASS (1) have intense colours (c >10' mol" cm -') 
and it has been shown that the H atom on N-5 has very 
weakly acidic properties. 13 This work was initiated in 
an attempt to assess a number of formazans as potential 
acid-base indicators for titrations in liquid ammonia. 
Exploratory work indicated that, with a few exceptions, 
Ar'N=N—CR=N—NHAr1 
1 	2 	3 	4 	5 
(1) 
the colours of formazan solutions in water-organic 
solvent mixtures cannot be changed by mere addition 
H. M. N. H. Irving, J. B. Gill, and W. R. Cross, J. Chem. 
Soc.. 1960, 2087. 
G. A. Sereda. R. I. Ogloblina, V. N. Podchainova. and 
N. P. Bednyagina. Zlrur. analyi. Khim., 1968. 23. 1220.  
of hydroxide ions, whereas many formazans in dry 
ethanolic solution undergo marked colour changes on 
addition of the more basic ethoxide ion. Thus the 
forrnazans, too weakly acidic to be titrated in aqueous 
media, can be titrated in the more basic ethanol. Pre-
liminary experiments also showed that titrations were 
possible in methanolic solution, but that much higher 
concentrations of methoxide were required to effect the 
same degree of ionisation of the formazan molecule. 
That the formazans behave as monoprotic acids is 
evident from the formula 1  of bis-(3-methyl-1.5-diphenyl-
formazanido)nickel and its crystal structure.' 
Geometrical isomerism about the two double bonds in 
H. M. N. H. Irving and C. F. Bell, J. C)re.n. . Soc.. 1953. 
3542; 1954, 4253. 
D. Dale, J. CJiem. Soc. (A), 1967. 278. 
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4 000 cmt with a Perkin-Elmer 457 grating spectrophoto-
meter. Additional jr. spectra were recorded for either 
hexachiorobutadiene mulls or solutions in carbon tetra-
chloride. 
Dry ethanol was obtained by refluxing absolute ethanol 
over magnesium turnings for 12 h followed by immediate 
distillation in an apparatus protected from atmospheric 
moisture. 
Two new forrnazans were prepared in this work; others 
were prepared by methods cited in Table 2. 
3-Diphenylmethyl- I.5-diphenylforrnazan.-- Diphenylacet-
aldehyde phenvlhydrazone Ifrom phenylhydrazine (100  
1685 
(50 ml). water (50 ml), and sodium nitrite (200 nimol), 
was made just basic with potassium hydroxide and added 
slowly to the basic ethanolic cyanoacetate (100 mmol). 
Recrystallisation of the precipitate from ethanol gave 
bronze plates (Found: C. 67.1; H. 4.4; N. 28.1. C 1 H, 1 N5 
requires C. 67.6; H. 4.4; N. 28.1 0. 0 ). 
DISCUSSION 
The positions of maximum absorption listed in Table 2 
show that some formazans are present entirely as the 
yellow trans-isomer, others as the red cis-form, and some 
as an equilibrium mixture of the two 1(2) - (3)]. 
TABLE 1 
Spectrophotometric titration data for 3-methyl-1,5-diphenylformazan with sodium ethoxide in ethanol 
OD OD,,,. 103 [FHjfM 	l0'Fi/M 	log ((FH![Fi) 	lNaOEtJ/M pH,,, 
Titration I 
0.35 0.27 1.03 	 1.37 	 -0.13 	 0.199 18.44 18.31 
0.42 0.34 1.30 1.10 0.07 0.120 18.22 18.29 
0.44 0.38 1.45 	 0.95 	 0.18 	 0.099 18.14 18.32 
0.49 0.44 1.68 072 0.37 0.061 17.92 18.29 
0.54 0.54 2.04 	 0.36 	 0.75 	 0.030 17.62 18.37 
Standard solution:f 	forruazan 2.40 x lO'M. ethoxide 0.25M 
Titration 11 
0.35 0.19 0.70 	 1.41 	 -0.30 	 0.307 18.63 18.33 
047 0.29 1.10 1.01 0.04 0.186 18.41 18.37 
0.37 0.25 0.91 	 1.14 	 -0.07 	 0.154 18.33 18.26 
0.45 0.45 1.71 0.40 0.63 0.048 17.80 18.43 
Standard solution:t 	forrnazan 2.11 x 10 1 , ethoxide 0.34m 
In preparation of the titration solutions a ten-fold dilution of standard solution was effected. 
TABLE 2 
Spectral and pK data of substituted formazans in ethanol 
pK.,, 
Substituted Forrnazars Band maxima Colour of (pectrophoto- (colour 
3 	1 	 5 -- .- ethanolic metric change 
R Ar' Ar' Ref. ),,/nm • ,/nm • v(N-H)/cm' solution titration) method) 
Me 	Ph 	Ph 1. a 415 (2.62) 3 295ms Yellow 18.3 18.4 s- 1.0 
Et Ph Ph 5 420 (1.90) 3 270m Yellow 18.6 18.4 = 1.0 
Cl 	 Ph 	Ph 3 420 (2.77) 3 250mw Yellow 18.3 18.5 - 	1.0 
Me p-MeC,l{, 	p-MeC.H. I. a 425 ( -2.48) 3 240ms Yellow 18.3 18.6 4- 1.0 
m-NO,'C,H, 	Ph 	Ph b 490g. 540w Absent Red 19.1 - 
p-N01-C.H, 	Ph Ph b 4009 490s 3 190w Red 18.8 ± 1.0 
H 	 Ph 	Ph 1 405s 465s Absent Orange-yellow 16.5 ± 1.0 
(Ph),CH 	Ph Ph 470 3330w Red 18.8 - 1.0 
CN 	Ph 	Ph 440 (2.11) 540w 3 220m Yellow 
Ph Ph Ph C 490s, 530w Absent Red ot titratable 
p.\teC,H, 	Ph 	Ph I 490s. 550w Absent Red 
Nt), 	Ph Ph d 450 (21.4) Absent Red 
• For bands with no contribution to band intensities from other bands due to formaran homers, values of log,, 10 - ' cl mor' 
cnt' are quoted in parentheses. 
• M. Ragno and S. Bruno. Ga::ells. 1946, 76. 485. 	6 M. Busch and H. Pfeiffer, Bee.. 1926, 59, 1162. • A. M. Mattison, C. 0. 
Jensen, and R. A. Dutcher. J. .lmqr. Chem. Soc.. 1948, 70, 1284. 	4 F. Bamberger, Be,., 1894. 27. 155. 
mmol) and diphenvlacetaldehyde (100 mmol) in ethanol 
(30 ml)) was dissolved in acetone (100 ml) and ethanol 
(100 nil). To this solution was slowly added at 0 C a 
solution prepared from aniline (100 mmol). conc. hydro-
chloric acid (100 ml). water (25 ml), and sodium nitrite 
(100 tomnoli. The tarry pri.xluct was recrystallised several 
times from ethanol to give a low yield of the forma:an 
(Found: C. 79.2: H. 5.6: N. 14.2. C, 4 l{N, requires C. 
80.0: H. 5.6: N. 14.4 0 :0 ). 
3.Cyano- I .5-liphenylfovrna:an.-Potassium cyanoacetate 
was produced by retluxing methyl cyanoacetate (100 
mmnol) and potassium hydroxide (110 mrnol) in ethanol for 
several l,urs. A diazunium chloride solution at 0 °C, 
prcp.ired frn, aniline (200 mniol). conc. hydrochloric acid 
The position of this equilibrium in solution' is solvent-
dependent, as shown, for example, in Figure 2. The 
shoulder at Ca. 480-500 nm on the higher wavelength 
side of the maximum indicates the presence of the red 
isomer. The proportion of red isomer is high in benzene 
(B) and carbon tetrachloride (D), less than 20 0,0' in 
pyridine (C), and very small in ethanol (A). Thus the 
choice of ethanol as the titration medium ensured that, 
for the first four members of Table 2, it was the yellow 
trans-isomer for which the pK, values were being 
determined. 
The spectra of the corresponding red-pink forrnazanide 




J.C.S. Perkin Ii 
region with larger extinction coefficients (log c 4.7-4.8) 
than those of the undissociated yellow formazan 
molecules. 
The formazans stable only as their red isomers (the 
last group of Table 2) were not titratable even in very 
strong ethoxide solutions. It is thus clear that the 
formazan nucleus in the intramolecularly hydrogen-
bonded form possesses little tendency to protonate even 
very basic species. 
Solutions of formazans (I) in which R = alkyl, Cl, 
CM, or NO2 showed absorption peaks at Ca. 420 nm. 
The absence of intramolecular hydrogen bonding in 
3-methyl-, 3-ethyl-, and 3-chloro- 1 ,5-diphenylformazans 
was indicated by the medium intensity v(N-H) vi-
brations at 3 295, 3 270, and 3 250 cm 1 , respectively. 
400 500 600 400 500 600 
416 
t L.  ~, 
400 500 600 400 500 60 
Irvn 
FccRE 2 Visible absorption spectra of 3-methyl-1.5-diphenyl-
(ormazan in (A) ethanol, (B) benzene, (C) pyridine. and (D) 
carbon tetrachloride 
Not surprisingly, 1.5-diphenylformazan (1; Ar' = 
Ar = Ph, R = I-I) behaved differently from the other 
members of the series. In ethanol, addition of ethoxide 
caused a striking colour change from yellow-orange to 
deep violet. in neutral ethanol two separate bands at 
405 and 465 nm, with time-independent relative absorb-
ances, indicated a stable equilibrium between yellow and 
red forms. As the pH,1 value of these solutions was 
raised by addition of ethoxide, a band at 540 nm (due 
to the violet 1.5-diphenylformazanide) appeared, with 
concurrent disappearance of the band at 405 nm. The 
band due to the red isomer remained throughout the 
titration, indicating that it was the yellow trans-isomer 
which was being titrated. Determination of the pK, 
value by the method used for the other yellow formazan 
isomers was impossible because of the contribution to  
the intensity of the band at 405 nm from the band 
centred at 465 nm due to the red form. Also as the 
titration proceeded the titrated yellow form appeared to 
be continually replaced by the red form. The plC,, 
value of this forma.zan was estimated by assuming that 
the colour change which occurred on addition of ethoxide 
ion would take place over about one unit of pH, 1 . 
(This is reasonable when applied to titrations with 
indicators in aqueous solution.) The concentration of 
ethoxide ion (0.44M) required to bring 1,5-diphenvl 
formazan mid-way through its colour change corres-
ponded to PR,, = 16.5.. Accordingly we suggest a 
value of pK,, = 16.5 ± 0.5. The validity of this 
method of estimation was verified by the comparison of 
its results for 3-methyl-, 3-ethyl-, and 3-chloro-1,5-dj-
phenylformazans with those obtained from spectro-
photometric titrations as shown in Table 2. 
The order of pK_ values in the homologous 1.5-di-
phenylforma.zan series with R = H, Me, or Et follows 
the characteristic trend shown by the simple aliphatic 
carboxylic acids in aqueous solution. When the series 
is extended to include the 3-chloro-compound (p/C,,, = 
18.3). comparison with the comparatively strong chioro-
acetic acid (p/C,, = 2.91) indicates that this formazar, 
occupies an anomalous position. For aqueous solutions 
of carboxylic acids the effect is commonly attributed to 
the increasing electron donor characteristic of alkyl 
substituents and the corresponding loss of stability of the 
anion with respect to the neutral molecule, making the 
loss of a proton energetically less favourable. The 
anion of chloroacetic acid is stabilised with respect by 
the electron-withdrawing capacity of the chioro-
substituent, acting as before through the orbitals of 
a-symmetry to produce an acid much stronger than 
acetic acid. On the other hand, 3-methyl- and 3-chioro-
1,5-diphenylformazans are of approximately equal 
strength for, in this case, the delocalised i-orbita1 
system of the formazan nucleus may interact much more 
readily with orbitals of suitable sYmmetry on the sub-
stituent in the 3-position and so stabilise the neutral 
molecule with respect to its anion by means of a back-
bonding' effect. 
The availability of low-lying, antibonding molecular 
orbitals of 3-NO 2  and -CM substituents can be used to 
account for the very weakly acidic character of the 
3-cyano- and 3-nitro- I .5-diphenylfor-rnazans. 3-Cvano 
1,5-diphenylformazan showed a medium intensity (NH) 
band at 3 220 cm' indicating that it exists in the yellow 
trans-form in ethanol. The visible spectrum showed a 
barely discernible shoulder in the 540 nm region (red 
cis-isomer) which had increased in intensity after the 
dilute solution had been left for 12 ii. This suggests a 
high activation energy of transition between the red and 
the yellow isomers. No v(N-H) band was observed for 
the 3-nitro-compound, and as the visible spectrum 
indicated the molecule to he in the yellow trans-form it is 
concluded that this formazan is stabilised in a molecular 
nors-titratable form by intramolecular hydrogen bonding 







It has been reported '° that red rather than yellow 













stable in ethanol. We detected no v(N-H) bands in 
jr. spectra of the four triarylformazans and conclude 
that these exist in the intramolecularly hydrogen-
bonded form (2). The large difference in the intra-
molecular hydrogen-bond energies of 29.2 and 11.3 kJ 
mol for 1 ,3.5-triphenyl- and I .5-diphenyl-formazan has 
been attributed to conjugation by the 3-phenyl group 
with other groups in the molecule." A more attractive 
alternative explanation lies in the absence of hydrogen 
bonding in the yellow trans-1.5-dipheny1formazan and 
the corresponding partial contribution to the molecular 
heat of combustion by the intramolecular hydrogen bond 
of the red cis-isomer. 
The intramolecularly hydrogen-bonded 1 .3,5-triphenyl-
and 3-p-chlorophen3 ,l-1 .5-diphenyl-formazans are such 
weak acids that anions were not detected. Although 
():N/ II I N]O NN 
(5) 
there was no apparent colour change when ethoxide was 
added to 3-rn-nitrophenyl-1 ,5-diphenylformazan the 
band at 490 nm was shifted to higher wavelength with 
increasing pH i,. This probably indicates the formation 
of a new band attributable to formazanide anion; a 
concurrent decrease in intensity of a band at 310 nm 
supports this. Using the band at 310 nm, which obeyed 
the Beer-Larnbert law, a pK value of 19.1 was obtained. 
The two bands at 490 and 400 nm indicate that 
ethanolic solutions of 3-p-nitrophenv1- 1 ,5-diphenvlforrn-
azan contain an equilibrium mixture of red and yellow 
isomers. In contrast to the 3-m-nitrciphenvl compound. 
a weak v(NH) band at ca. 3 190 cm' indicates the 
presence of non-intramolecularly hydrogen-bonded Irans-
isomer. Spectrophotomet nc titration was therefore 
impossible; the method used for I .5-diphenviformazan 
gave pK = 18.8 ± 0.5. 
The greater acidity of the 3-nitrophenylformazan 
1687 
relative to other triarylformazans can be accounted for 
by the greater degree of electron delocalisation allowed 
by the presence of the 3-nitro-group. 
The influence on acidity of tolyl groups in the I- and 
5-positions was investigated. 3-Methyl-I ,5-di-p-tolvl-
formazan exhibited a sharp visible absorption band at 
425 nm, and a strong '(NH) band at Ca. 3 240 cm', 
confirming that this formazan exists in the yellow trans-
form in ethanol. We consider our pK value of 18.7 
to have a small but significant difference from the value 
of 18.3 obtained for 3-methyl-I .5-diphenylformazan. 
In the only other acid-strength study on formazans to 
be reported, using members of the benzimidazole series 
(5; W = aryl or alkyl, R' = aikyl group) in aqueous 
acetone Sereda a at.' obtained pK values between 8.4 
and 10.5. The strongest formazan acid observed in our 
investigation. 1,5-diphenv1formazan. might be expected 
to have a pK, value of Ca. 13 on the aqueous scale. The 
inclusion of benzimidazole substituents allows tauto-
merism between structures (5) and (6), and structure (6) 
will clearly possess different acid-base properties from 
those of the parent formazans. 
We believe that tautomenism may also occur in 
3-dipheny)methyl-1 ,5-diphenylformazan. which has a 
weak v(N-H) band at ca. 3 330 cm', a much higher 
frequency than those of the other corresponding v(NH) 
bands, and a single visible band at 470 nm,. midway 
between the characteristic band positions of cis- and 
trans-isomers. Ethoxide causes the visible band to 
C_N N=C "IDO 
t 	
N ...,. c N 	i 
R Z 
(6) 
shift to 490 nm, a few nm less than the wavelength 
attributed to the formazanide anion. These anomalous 
observations could be attributed to the tautomenic 









concentration of ethoxide required to dbplace the 
visible band, would then correspond to the loss of one of 
the two NH protons of (7). 
(7/I80 Received. 2nd Feba'v. 1977. 
' 1. Hausser. D. Jerchel. and R. I<uhn. Chem. Th".. 1945. 82. 	It A. P. Novikova, M. P. Kozna. P. N. Shigorin. and I. Va 
195. 	 Postovskii, Zhur. obschei Chim.. 1968, 38. 934. 
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1137. The System, Potassium Metaphosphae—Calcium Meapho8p1iate. 
By J. B. GILL and R. M. TAYLOR. 
THE system potassium metaphosphate (KPOs)—calcium metaphosphate [Ca(POa)sJ 
(the term " metaphosphate " applies here to the long-chain form of polyphosphate) has been 
studied over the whole range of compositions, and the existence of a binary compound 
calcium potassium metaphosphate, [Ca(P0s)2.KP031, has been established. The phase-





Phase diagram for the System (KPO-. 
[Ca(P0 8) 2J,; A. liquid +(KPO3); B and 
D. liquid + [Ca(POs)rKPOa]; C. solid 
[KPO3]a + solid (Ca(P0s) a.KP03],; E, 
liquid +[Ca(POa)2J.,; F, solid [Ca(POs)r 
KPO3J,-j-solid [Ca(PO 3) 2]; G, liquid. 
Potassium metaphosphate is the stable crystalline phase in contact with liquid from 
100 to 86( ±1) mole % of (KPOs). The binarycompound of composition [Ca(P03)rKP03]2 
melts congruently at 8495 (± 2)°, and this is the stable crystalline phase in contact with 
liquid from its eutectic with (KPO3) 5 at 683 (± 3)° and 86( ±1) mole % of (KPOs), where the 
equilibrium is 
(KP03)+[Ca(P0s)2.KP0s] = Liquid, 
to its eutectic with [Ca(P03)2] 5 at 832 (± 2)° and 36 (± 0.5) mole % of (KPOa), where the 
equilibrium is 
[Ca(POs)sJ + [Ca(POs)rKPOa] = Liquid. 
TABI.E 1. 
The melting points in the system (KP03),,—[Ca(P03)2],. 
Mole % KPO8 100 95-0 90-0 	85-0 80-0 68•7 55.5 538 M. p. 813° 760-5 718-5 696-5 713-5 819 846 848 Mofe % KPO3 500 46-1 444 	40-0 36-0 333 16-7 0-0 
M. p. 849-5° 846 843-5 838-5 833 848 938-4 977 
X-Ray powder diffraction patterns of most of the samples indicated that only three 
stable crystalline phases, (KP0 3 ) 5 , [Ca(P03)2], and [Ca(P03)2.KPO3], exist in the system. 
Table 2 shows the d-spacings for the new binary compound [Ca(P03)2.KP0 3], together with 
TABLE 2. 
d-Spacings for [KPOs.Ca(PO 3 ) 2] on Cu Ka-radiation. 
d (A) 	5-9 	5-2 	390 	3-23 	295 	2-85 	2-59 	2-23 	2-18 	2-06 	1-96 	1-95 
Intensity 	10 15 100 35 10 40 5 4 2 3 3 3 
P4 
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their relative intensities. The d-spacings and intensities for the end-members were in 
agreement with the values obtained by Morey 1 . 2 for (KPOa) and a-[Ca(PO3)2] g. No 
evidence for the existence of {3-{Ca(P03)21 5  has been found in this work. 3 . 4 
ExperimentaL—The compositions investigated were obtained by melting together weighed 
amounts of AnalaR potassium dihydrogen orthophosphate, recrystallised calcium dihydrogen 
orthophosphate monohydrate, and calcium carbonate. The calculated amounts of calcium 
carbonate were added in order to adjust the Ca: P ratio in the calcium dihydrogen orthophosphate 
to unity. All water and carbon dioxide was removed from the melts on heating, leaving only 
polyphosphates. The melts obtained were allowed to cool very slowly in order to induce crystal-
lisation. In most cases they supercooled readily, and crystallisation of the samples was induced 
by heating the glassed material for a prolonged period (12-48 hr.) at a temperature about 30_600 
below the melting point. 
Crystalline samples were heated in platinum under standard heating conditions in an elecfric 
furnace, and the melting point of each sample, together with the corresponding eutectic temper-
atures, were deduced from the inflections in the heating curve obtained (cf. the thaw-melt method 
used by Rheinboldt). 5  Temperatures were measured bya chromel-alurnel thermocouple which 
was standardisedfrequentlyat the melting points of pure potassium bromide, sodium chloride, and 
potassium chromate. 
Themelting points, 813° for (KP05). and 9770 for [Ca(POs)s], agree with the values obtained 
by Morey 1 3 
Thë.X-ray-diflractiOn data were obtained on a Phillips powder diflractometer incorporating a 
scintillation counter, with Cu Ka-radiation and a nickel filter. The range of 26 covered was 4-62!. 
DEPARTMENT OF CHEMISTRY. UNIVERSITY or EDINBURGH, 	 - 
Kno's BUILDINGS, EDUBuRGH 9. 	 - -. 	 [Received, November 3rd, INC] 
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Some observations on the structure of ultraphosphates 
(ReceIved 26 March 1966) 
PREVIOUS reports on glassy condensed phosphates in the ultraphosphate region in which MIP < 1 •OO 
(where M is cation) indicate021 that cross-links occur between chains (or rings) at points where one 
phosphorus atom is bound to three others through oxygens. The P—O bonds at these branching 
points are far more rapidly ° hydro1ysed" than those in ring or chain polyphosphates (about 10 
times as fast at 25°C and pH 7) (11 the process following zero order kinetics, and being independent 
of the pH and the presence of added salt. Use has been made of these facts by dissolving ultraphos-
phate samples in water and continuously titrating with NaOH solution to neutralize the acid —OH 
groups liberated by the hydrolysis of the cross-links and maintain the solution at pH 7. In this way 
it was anticipated that hydrolysis would occur only at the branching points to produce a solution 
which contained only phosphate species with no branching points. At pH 7, hydrolysis of the poly-
phosphates produced is quite slow, and cold solution can be kept for several days. 
The residues obtained in the solutions obtained in the above manner from ultraphosphates with 
Na/P ratios 0-88, 0-81 and 0-71 have been investigated by paper chromatography and have been found 
to contain trimetaphosphate with very little ortho- and pyrophosphate. The remainder of the phos-
phate is in the form of long chains. No ring forms larger than trimetaphosphate have been identified. 
Qualititive estimation of the phosphate on the chromatograms indicated about 10 per cent of the 
phosphate to be in the form of trimetaphosphate in the glass with Na/P ratio 0-88 and about 20 per 
cent in the form of trimetaphosphate in the glasses with Na/P ratios 0-81 and 0-71. 
End-.group titrations11 to determine the number of the weak acid —OH groups associated with 
the P atoms were carried out with 00625 N NaOH solution between pH 45 and 90. The qualitative 
results from the chromatograms, given above, were used as an approximate measure of the trimeta-
phosphate found in the glass, together with the end-group titrations and the fact thattrimetaphosphate 
rings contain only strong acid —OH groups. In the glass with Na/P ratio 0-88 each trimetaphosphate 
ring is associated with chain-phosphate containing on average about 28 P atoms and 2 weak acid 
—OH groups per chain. Similarly, in the glass with Na/P ratio 0-81, each trimetaphosphate ring is 
associated with chain-phosphate containing on average about 16 P atoms and 2 weak acid —OH 
groups per chain, and in the glass with Na/P ratio 071, each trimetaphosphate ring is associated with 
chain-phosphate containing on average about 14 P atoms and 2 weak acid —OH groups per chain. 
No evidence has been obtained to determine whether the rings are attached at the ends or in the 
middle positions of the chains. It is possible, however, that the structures which predominate in the 
ultra-phosphates in the Na/P range investigated (1-00--0 70) are rings joined by chains in either linear 
or two-dimensional arrangements. If general formulae are derived for structures of this kind the data 
given above are found to be more consistent with linear arrangements of rings and chains. 
Any difference between the samples investigated in the work and those investigated by TifiLo and 
SONNTAG11 lies in the starting materials. The ultraphosphate samples used in this work were pre-
pared from phosphorus (V) oxide and sodium dihydrogen orthophosphate whereas these earlier 
workers used orthophosphoric acid and sodium dihydrogen orthophosphate and it is possible that 
different reaction mechanisms have led to different products in the two cases. TI-tILO and SONNTAG 
gave no indication, however, of the nature of the species in their solutions, whereas we find consider-
able amounts of trimetaphosphate. 
EXPERIMENTAL 
Ultraphosphate samples were prepared by heating intimate mixtures of AR sodium dihydrogen 
orthophosphate and phosphorus (V) oxide in platinum for 2 hr at 650°C. The liquid was rapidly 
supercooled by pouring it over a cold stainless steel plate to obtain the glass which was crushed in a 
dry atmosphere to pass 40 mesh B.S. Samples were analysed, after complete hydrolysis of all con-
densed phosphate by boiling with nitric acid, for phosphorus by the vanado-molybdate method of 
GEE and DEITZ 19 ' and for sodium by flame photometry. Residual hydrogen contents were found to be 
negligible by roasting the solid samples with zinc oxide"°' and determining the loss in weight. 
Solutions were prepared by placing weighed amounts of ultraphosphate (about I g) and 250 ml 





calomel electrodes protected by a platinum cage. Continuous titration with 2 N NaOH solution, to 
maintain the pH at 7, was carried out on a Radiometer TET I Titrator. 
The paper chromatograms were prepared at 0°C, to minimize hydrolysis of the chain polyphos-
phates, using EBEL'S acidic and basic solvents.' 11 ' These were treated with an acid molybdate spray" 1 ' 
and developed under an u.v. lamp. 
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Kinetics of Degradation of Long Chain Polyphosphates 
By J. B. Gill • and (Mrs.) S. A. Rlaz. School of Chemistry. University of Leeds. Leeds 
The rates of hydrolytic degradation of long chain polyphosphates into shorter chains, and also into trimetaphosphate 
rings, have been studied at pH 5. 7. and 9 and at 40. 60. and SO'. Both processes follow first-order kinetics. 
The degradation into trlmetaphoSphate, whilst pH-dependent is affected less by pH than is the hydrolytic degrad-
ation into shorter chains. At 60 and pH 7. the specific rate constant for the formation of trimetaphOsphate. 
kD. is 081 x 10' mln:1. whilst that for the formation of shorter chaIns. k5. 
is 223 x 10' min.°. The activ-
ation energies for the two processes have been found to be 235 ± 15 and 205 * 1-0 kcal. mole 8 respectively. 
The half-lives at 25 for the two processes have been calculated by extrapolation of the specific rate constants to 
be about 12 and 35 yr. respectively. 
LoNG chain polyphosphates are degraded in aqueous 
solution to produce orthophosphates and shorter chain 
polyphosphates, while at the same time another mech-
anism of degradation leads to the formation of consider-
able amounts of ring trimetaphosphate." Preliminary 
work 5  on the degradation of long chain polyphosphates 
into ring trimetaphosphate has indicated that this 
degradation process is very slow at pH 7 and 250. 
This paper is concerned with the quantitative study of 
the above degradation process together with that of the 
more familiar hydrolysis of high molecular weight 
polyphosphates. 
According to Thilo and Wicker L $ the formation of 
trirnetaphosphate is catalytically accelerated by the 
presence of metal cations; this effect is closely related 
to the ion exchange capacity of the polyphosphates, 
i.e. the higher the affinity of a metal cation for the poly-
phosphate the higher is its catalytic activity upon the 
process. This increases in the order, K <Na < Li.< 
Ba <Sr < Ca < Mg < Al. This catalytic order sub-
stantiates the mechanism for the formation of tn-
metaphosphate from long chain polyphosphates sug-
gested by Thilo and Wicker. Providing the poly-
phosphate chain has more than five phosphorus atoms 
it will exist in solution as a coiled arrangement with a 
repeating unit within the helix of, on average, three 
P0 1  tetrahedra. This arrangement can provide a simple 
stable co-ordination structure with oxygen atoms from 
three PO4  co-ordinating in a tridentate manner to a 
cation, with the consequent removal of the trimeta-
phosphate ring from the middle of a chain. 
Initially the formation of tnimetaphosphate from high 
molecular weight polyphosphate was thought to be a 
reaction with zero-order kinetics.' Such a process as 
described above which does not involve the complete 
cleavage of a P-0-P linkage in the polyphosphate 
chain would be expected to occur with first-order 
kinetics, as found by Thilo.2- 8 
Earlier work 6 ' 7  concerning the hydrolyses of the 
pyrophosphate. P 5074 , and triphosphate, 
anions showed that these occur according to the first- 
order law. In the case of the hydrolysis of polyphos-
1 E. Barnann and E. Nowotny. Ber., 1948. 81, 463. 
E. Thilo and W. Wieker, Z. anorg. Cliem., 1957, 291, 164. 
1 E. Thilo and W. Wicker. J. Polymer Sri., 1961. 53. 55. 
A 
J. F. McCullough. J. R. Van Waxer, and 
E. J. Griffith. 
J. mer. Chem. Soc.. 1956, 78. 4528.  
phates the reaction is also first-order. This reaction 
would be expected to follow zero-order kinetics if 
hydrolytic attack were to occur only at the terminal 
PO4  tetrahedra of the chains. The P-0-P linkages 
within the chain are therefore attacked in a random 
manner. 
According to Thilo two paths are possible for the 
hydrolytic degradation of chain polyphosphates (I) to 
yield tnimetaphosphate and orthophosphate either 
within the interior of the chain (II) or at one end (III). 
(I) 
0 eb 
o 	0 	 0 0 
o 0 	0 	a 
•P-OH + HO-P-0 + I I + H0-P-0-P-O" 
I 	 i 	
o'N0,'.Z00 	
I 	I 
0 O - 	- 0 0 - 
(II) o ,o 
o 0 	0 	 ,P. 	 o 
II 0 	0 
...p-O-P-O-P-OH + 0.4 + H0--0 
0 O O 
(111) 
Titration of the strong and weak acid hydroxy-
groups formed in the process together with the fact that 
the reaction is first order, indicates that the mechanism 
giving the products in (II) is the more probable. The 
process was first shown to be first-order by Bamann and 
Nowotny 1 and later confirmed by Thilo.' 
The studies described have been restricted to the con-
ditions which prevail in aqueous solution without the 
presence of added salts. The orders of reaction have 
been established for both the straightforward hydrolytic 
degradation of polyphosphate chains into shorter chains 
andtheir degradation to trimetaphosphate. 
S. M. Aiken and j.  B. Gill. jr. Inorg. Nuclear Chem.. 1966, 
28. 2480. 
S. L. Friess. J. Amer. Chem. Soc., 1952, 74, 4027. 
J. R. Van Waxer. E. J. Griffith. and J. F. McCullough. J. 
Amer. Chem. Soc.. 1950, 77. 287. 
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In order to obtain enough reaction to enable con-
venient measurements to be made, a median temper-
ature of 60° was used; the reaction is extremely slow at 
25°. The reaction has been studied by a quantitative 
paper chromatographic technique, at pH 7 (40, 60, and 
80°), pH 5 (60°), and pH 9 (60°). 
RESULTS AND DISCUSSION 
All attempts to prepare a sample of pure sodium 
long chain' polyphosphate, (NaPO, known as  
rate constants, hE, for the hydrolysis of polyphosphate, 
and kD, for the degradation to trimetaphosphate, were 
obtained at different times over a period of up to one 
week, depending on the conditions used, from the first-
order rate equation, k = (2-303/1) log (c0/c) where c0 is 
the initial concentration of polyphosphate and c is the 
concentration of high molecular weight phosphate or 
trimetaphosphate at time I. The results are tabulated 
for the different temperatures and background pH 
values in Tables 1-5. 
TABLE 1 
The degradation of polyphoaphates at pH 5 and 60 ° (c, = 01 mole j1 
Hydrolysis products (% phosphorus in phosphate) 
Reaction Tetrarneta- Molar ratio 
time Pyre- and and other High moL ortho : tn- 
(min) Ortho- tipoly- Trimeta- rings wt phosphate meta h 	x 10' k0 x 10' 
0 45 43 07 89-8 2-84 
486 6-4 1.2 6-8 0-9 866 2•40 1008 4.35 
1290 9-0 1-2 11-1 1-1 77-4 2-70 11-51 5-30 
2460 12-1 1-9 14-0 1-2 70-6 260 9-76 4-12 
2863 13•2 32 162 1-9 666 3-00 1043 4-03 
3998 135 4-1 17-6 2-4 62-3 2-44 9-14 381 Mean: 10.18 428 
• k1-02 x 10 4 min: hD0-43 x 10-4 min.' 
TABLE 2 
The degradation of polyphosphates at pH 7 and 60° (c0 = 0-1 mole 1.' 
Hydrolysis products (% phosphorus in phosphate) 
Reaction ' Teframeta- Molar ratio 
time Pyro- and and other High reol. ortho : tn- 
(mm.) Ortho- tripoly. Tnmeta- iings wt. phosphate mete ku x 10 1 k0 x 10' 
- 0 2-0 6-2 1-9 90-7 0-99 
1212 2-0 7-0 2-6 88-2 1-00 230 7.02 
1710 2-2 0-4 7-1 3-0 87-2 1-09 2-30 5-71 
3304 2.4 09 9-2 31 84-2 0-80 2-25 9-81 
6523 40 1-8 114 3-8 79.3 108 2-06 8-89 
9540 5.0 3-1 13-5 4-8 73-5 1.10 2-20 8-47 
10880 5-5 3-6 14.8 5-0 70-9 1-10 2-27 8-90 Mean : 2-23 8-10 
h=2-23 x lO'min.° h=0-81 x 10 5 min:' 
TABLE 3 
The degradation of polyphosphates at pH 9 and 60° (c0 = 0-1 mole 1.-i) 
Hydrolysis products (% phosphorus in phosphate) 
Reaction Tetrameta- Molar ratio 
time Pyre- and and other High mol. ortho tn- 
(mm.) Ortho- tripoly- Trimeta- 	rings wt. phosphate mete kg x 101 k0 x 10' 
0 0-6 0-3 5-1 1-1 93-0 0-35 
1702 0-6 0-6 6-6 	1.2 91-8 032 8-52 3-11 
3966 0-7 0-7 7-1 13 90-1 0-29 825 6.45 
5310 0-8 1-0 7-8 	2-0 88-3 0-30 7-19 5-48 
8964 08 1-1 8-6 1-9 87-5 028 6-79 410 
12,362 1-1 1-5. 9-4 	1-9 86-4 0-35 5-94 3-75 Mean value: 7-34 4-57 
kg - 0-73 x 10' mln.' 	k 	- 0-46 x 10' mln.' 
Graham's salt, free from sodium trimetaphosphate were 
unsuccessful. The resulting glass always contained 
4-5% trimetaphosphate. Finally we used a sample of 
of Graham's salt with as low a trimetaphosphate content 
as possible and made the corresponding adjustment to 
the analytical results. 
In all the reactions examined the values of the specific 
As the degradations proceeded the chromatogranls 
showed the appearance of small quantities of the lower 
polyphosphates and of rings larger than trimetaphos-
phate. The proportion of all these species was, however, 
comparatively small compared with the amounts of 
ortho- and trimeta-phosphate produced. The formation 
of ring systems larger than trimetaphosphate suggests 
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that the folding of the chain, when in solution, into a 
helix occurs with a random number of PO tetrahedra 
in the repeating units and that statistically the repeating 
unit of three PO4  tetrahedra is the most likely. 
Tables 1.-5 show that the two processes both follow 
first-order kinetics under all the conditions studied. 
Table 2 shows that at PH 7 and 60 0  the molar ratio of 
orthophosphate to trimétaphosphate, is ca. unity. This 
agrees with the earlier work of Thio.' 
Both mechanisms are found to be pH-dependent. 
The rate constant kEE  for the hydrolysis of high molecular 
weight polyphosphate changes from 102 x 10 to 
073 x 10 mm:' as the pH changes from 5 to 9 at  
rates of breaking the P-O-P linkages in the chain. 
The rate constant kH at pH 7 and 600 (Table 2) is found 
to be 2-2 x 10 mm:' (cf. 11 x 10 mm:1 found by 
Thilo 0 at pH 8 and 60°). Thus, the methods used in the 
present work provide excellent agreement with Thio's 
value (the only value available in the literature) as, in 
fact, interpolation of the results given in Tables 1, 2, 
and 3 gives k 11 x 10 mm:' at pH 8 and 60° . 
From the values of kg and kD at various temperatures 
(Tables 2, 4, and 5) the activation energies for the two 
processes have been evaluated by use of Arrhenius plots 
(Figure). The method of least squares was used to 
obtain the best straight lines. The maximum and 
TABLE 4 
Rate constant of polyphosphates at pH 7 and 40° (c, = 0.1 mole 1.-i) 
Hydrolysis productS (% phosphorus in phosphate) 
Reaction Teameta- 
time Pyro- and and other 	High mol. 
(mm.) Ortho- tripoly- Trimeta- rings wt. phosphate hE X 10' kD )c 10° 
0 0-9 0 5-2 24 	91-4 
2251 1-2 0 54 2.4 90-9 2354 0-919 
4648 13 0 55 2-8 	90.4 2-328 0694 
5894 1-3 0 5-6 2-9 902 2.228 
0-703 
9054 13 0 5-9 3-2 	89-5 2.316 
0-803 
14.548 1-6 0 8-0 3-8 88-6 2143 0-685 Mean value: 2.27 0-740 
k5 =227 x 10 4 min. 1 k 0 =0-74 x 10 0 min.' 
TABLE 5 
Rate constant of polyphosphates at pH 7 and 800  (c, = 0-1 mole 1.-i) 
Hydrolysis products (% phosphorus in phosphate) 
Reaction Tetrameta- 
time Pyro- and and other 	High mol. 
(min) Ortho-. tripoly- Trimeta- rings wt. phosphate h5 X 10' hn X 10' 
0 5-2 5.1 3.7 	85-2 
1150 8-9 08 11-0 39 76-2 11-58 
6-37 
1782 10-1 13 13.1 41 	71.3 10.46 6-20 
2492 11.7 1-5 166 45 66-7 10-16 
4-70 
3798 13-0 2-9 18.3 6.3 	59.5 9.67 
394 
6025 16-1 4.5 190 6•2 542 9.17 3-59 Mean value: 1020 4-78 
k= 1.02 x 10 4 min. 1 kDO 50  x 10 4 min.° 
60°. This increase in the rate of hydrolysis of poly -
phosphate in more highly acid media is already well 
substantiated. Over the same pH range the rate 
constant k0 for the degradation of polyphosphate into 
trimetaphosphate changes from 4•3 x 10 to 0-56 x 
10 mm:' which indicates that hydrogen ions have a 
distinct catalytic effect upon this process. This is best 
illustrated by Table 6 which gives the half-lives for the 
formation of trimetaphosphate at the various pH values 
and temperatures. 
Tables 1 and 3 show that the molar ratios of ortho-
phosphate to trimetaphosphate vary greatly according 
to the pH (pH 5,3:1; pl-I 9, 1:3). This indicates 
that, in the pH range 5-9 the hydrolytic degradation 
of polyphosphate is much more greatly influenced by 
hydrogen ions than is the formation of trimnetaphosphate. 
The rate constants, k, are a measure of the overall 
minimum slopes of the plots within the limits of the 
standard deviations for each point suggest that each 
result is accurate to within ±1'0—±15 kcal. mole -1 . 
TABLE 6 
Half-lives (in days) for the formation of trimetaphosphate 
at different temperatures and pH values 
Temperature 
pH 	40° 	60° 	80° 
5 11•7 
7 	650 	69 	10 
9 105 
For the overall hydrolytic degradation of high mole-
cular weight polyphosphate, an activation energy of 
20-5 ± 1.0 kcal. per mole of P-O-P linkage in the chain 
was found. Although of the same order of magnitude 
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this value is 4-5 kcal. mole' lower than the value given 
by Van Wazer. 
The degradation of high molecular polyphosphate into 
trirnetaphosphate was found, from the graph, to have 
an activation energy of 235 ± 15 kcal. per mole of 
P-O-P linkage. The specific rate constant, ki,, for this 
process at pH 7 at 25° was found, by extrapolation of 
values of log k0, to be 9'0 x 10' mm. 1. The half-
life of the process, calculated from this value, is Ca. 12 yr. 
This indicates that, at this temperature, during the time 
taken to dissolve a 1 g. sample of finely ground ultra-
phosphate in water (no longer than 2 weeks), the 
quantity of ring trimetaphosphate produced from the 
resulting polyphosphates may be regarded as negligible. 
28 	 30 	 32 
10' 
Arrheniva plots for the degradations of chain polyphosphates; 
hydrolytic degradation of chain polyphosphate (h5j; 
degradation of chain polyphosphate into trimetaphosphate 
(hi,) 
The half-life of the degradation of chain polyphosphate 
has also been established, from the extrapolated value 
of 4'1 x 10' mm:' for kH at pH 7 and 25° , to be Ca. 
3.5 yr. Thus, in experiments lasting a few days, the 
hydrolysis of chains into shorter chains may also be 
disregarded. 
EXPERIMENTAL 
PreparoJwa of Samples.—Graharn's salt, prepared by 
quenching a melt of anhydrous sodium dihydrogen ortho-
phosphate which had been heated at 650° for 2 hr., in-
variably contaIned 4-5% of trimetaphosphate (chromato-
graphic analysis). Many different times and temperatures 
of heating were used in attempts to obtain a product with a 
lower trimetaphosphate content, without success. 
Other attempts to make water-soluble long chain 
polyphosphate free from trimetaphosphate were made 
through the intermediates of Ma.ddrell's salt (NaPO 5-lI) 
and sodium Kurrol salt (NaPO,.IV).' Insoluble Maddrell's 
salt was prepared by the method of Topley '° and washed 
free from all soluble phosphates but, when it was heated to 
400° the X.ray diffraction pattern of the product indicated 
the formation of some ring trimetaphosphate. 
Sodium Kurrol salt was prepared by heating sodium 
dihydrogen orthophoephate for 2 hr. at 600°. The melt 
• J. R. Van Waxer. Phosphorus and its Compounds.' 
jnterscience, New York, 1968. vol. 1, p.  483. 
* Ref. 8, p. 685.  
was very slowly cooled to 575°. and the surface was carefully 
nucleated with small crystals of Maddrell's salt. Fibrous 
crystals of the insoluble sodium Kurrol salt were produced 
along with much trimetaphosphate. This latter product, 
when washed free from soluble phosphates, gave an X-ray 
diffraction pattern in which the d-spacings confirmed the 
presence of the Kurrol salt. 
Glassy high molecular weight polyphosphates were 
prepared by melting Maddrell's salt and sodium Kurrol 
salt separately in a platinum dish at 750°, then quickly 
quenching the melt. The resulting polyphosphate glasses 
invariably contained about 4% of their phosphorus in the 
form of ring thnietaphosphate. 
The long chain polyphosphate used in this work (P. 
30'4; Na, 22.6%) was found by quantitative paper 
chromatography to contain 4'5% of the total phosphorus 
as ring frimetaphosphate and 2.5% as tetrametaphosphate 
and larger ring phosphates. The average chain length a 
was found to be 54 phosphorus atoms by use of the method 
of Van Wazer and Holst.0 - 
Apparoius.—A magnetically stirred double-walled cell 
(150 ml.) was fitted with a thermometer, a glass electrode 
(Radiometer G203B), and a calomel electrode (Radiometer 
K401). The electrodes operated a Radiometer TTTI 
Automatic Titrimeter, which was set up to operate as a 
pH-stat device by the occasional automatic addition of a 
few drops of very dilute sodium hydroxide solution through 
a fine Nylon tube attached to a syringe burette. 
Water, at the desired temperature, was pumped through 
the walls of the cell from a thermostatted bath (±01 °). 
The rubber stopper for the cell contained a narrow tube 
holding a serum cap through which small samples of solu-
tions could be withdrawn by syringe for chromatographic 
analysis. The whole assembly was lagged on the outside 
with a thick layer of cotton wool so that the temperatures 
of the water entering and leaving the cell never differed 
by more than 0.1°. 
Mefhod.—A sample of finely ground high molecular weight 
polyphosphate (Ca. l'O g.) wasdissolved in distilled water 
(100 ml.) in the reaction vessel, which was maintained at the 
required temperature and pH. A measured sample of this 
solution was withdrawn immediately by microsyringe and 
spotted on to chromatograms. At measured intervals of 
time further samples were similarly taken for quantitative 
chromatographic analysis. The constituent phosphates of 
the solutions were separated by two-dimensional paper 
chromatography (acid solvent was used in one direction 
followed by a basic solvent in the other) and after develop-
ment the individual spots were cut out and analysed for 
phosphate content. 
Chromciography of Solulions.—Two-dimensional paper 
chromatographic separations were carried out with \-'hat-
man no. 1 paper (9 x 9 in.). The papers were marked 
with two light pencil lines I in. from two adjoining edges 
and the crossing point of these two lines was used as the 
starting point. A spot of reference solution (2 i1•)  which 
contained only pyrophosphate (1 g. phosphorus/mI.) was 
placed exactly at the starting point of the reference sheet. 
Duplicate samples of the phosphate solution (5 l.) were 
applied to the starting points on a further two sheets and 
the spots were dried at 50° (More dilute solutions could be 
used by successive applications of S &l. droplets to the same 
10 B. Topley. Quart. Rev., 1949. 3. 345. 
ii  J. R. Van Wazer and K. A. Hoist. J. .4 ,ney. Chest. Soc.. 1950, 
72,639. 
W. 
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spot with complete drying of the paper after each addition. 
With care up to 15 subsequent applications could be made 
without destroying the texture of the paper. Thus up to 
0075 ml. could be applied to one spot without exceeding 
the convenient maximum diameter of the sample spot 
Ca. 7-8 mm.). 
In this work, spots, each containing up to 50-80 jAg. of 
total phosphorus, were applied to the chromatograms. 
Samples of this magnitude were required because by far 
the largest portion of phosphate applied (long chain 
polyphosphate) did not move from the origin. 
Before chromatography in the basic solvent the sheets 
were hung in sealed rectangular tanks above the solvent 
for 45 mm. to attain equilibrium with the solvent vapour. 
The chromatograms were then left at 0° for 9-12 hr. 
during which time the solvent rose about 8 in., and then 
dried in an oven at 50°. 
Droplets (5 iL) of a reference solution were then placed 
along the starting line for the second solvent front, at 
1 in. intervals in front of the first solvent front. This 
reference solution was made up from ortho-, pyre-, tripoly-, 
trimeta-, and tetrameta-phosphate" with each of these 
components at a concentration of Ca. 04 phosphorus per 
ml. After a period of equilibration with the vapour of the 
solvent the sheets were lowered, with their second starting 
lines parallel to the solvent level, into an acid solvent and 
left for Ca. 8-9 hours, after which they were removed 
and dried at 50°. The papers were then sprayed with a 
fine mist of a solution of AnalaR ammonium hepta-
molybdate (I g.), perchloric acid (5 ml.; 60% v/v), and con-
centrated hydrochloric acid (1 ml.) in water (100 ml.). 
The papers were subsequently dried for 10 mm. at 50° 
and then irradiated under u,v. light until the blue zones 
appeared. The solvents used were those described by 
Ebel; 13 Rp values (Ebel's acid solvent): ortho- 076, 
pyre- 055, tripoly- 0'43, trimeta- 0'35, tetrameta-phosphate 
022; (Ebel's basic solvent): ortho- 043. pyro- 033, 
tripoly- 031, trimeta- 054, tetrameta-phosphate 048. 
Analysis of chromaographically separated spots. Every 
individual spot in addition to a square (3 x 3 in.) of the 
unspotted chromatographic paper was transferred to 
a standard flask (25 ml.). 8N-Ammonium hydroxide  
solution (1 ml.) was added followed by water (7 mI). 
The flasks were shaken and then set aside for 10 mm. 
8N-Sulphuric acid (3 ml.) was added to neutralise the 
hydroxide and make the solution strongly acidic for hydro-
lysis, then all the flasks were placed on a boiling water bath 
for 20 mm. All the flasks containing the fractions of one 
analysis were handled as a group to maintain identical 
conditions within an individual analysis. 
The procedure for analysis was similar to that developed 
by Karl-Kroupa ". A mixture of benzene (5 ml.) and 
2-methylpropanol (5 ml.) was added to each cooled flask 
followed by a 10% solution of arnmonium molybdate (2 ml.). 
The solutions were made up with water and the yellow 
phosphomolybdate complex was extracted into the organic 
layer by vigorous shaking for at least 20 sec. 'r'hen the 
layers had separated, an aliquot (5 nil.) of the supernatant 
organic layer was transferred into another standard flask 
(25 ml.) and diluted with a 2% solution of sulphuric acid 
in aldehyde-free methanol (10 ml.). A 25% solution of 
stannous chloride in concentrated hydrochloric acid 
(1 ml.) was then added. 
The contents of the flasks were well mixed and the 
volumes were made up with the sulphuric acid-methanol 
solution. The blue solution, which obeys the Beer-Lambert 
Law excellently, was homogenised by shaking. After 
10 mm. the absorbances of these solutions at 650 nm. were 
measured with a Unicarn SP 500 spectrophotometer. The 
absorbance of a reagent blank was deducted from each of 
the readings to give a net absorbance for each phosphate 
fraction. The total absorbance due to all the phosphate 
present was obtained by summation of the individual 
absorbance values, and the phosphorus content of each 
spot was expressed as a proportion of total phosphorus 
present as follows 
, = net absorbance for each fraction < 100. 
sum of absorbances 
[8/861 Receiocd. June 21st, 196S 
" E. J. Griffith, J. Amer. Chem. Soc.. 1956, 78. 3867. 
" J. P. Ebcl, Bull. Soc. chim. France, 1953, 1098. 
" E. Karl-Kroupa, Anoiyt. Chem., 1956, 28. 1091. 
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Some Investigations Concerning the Structure of LJltraphosphates 
By J. B. Gill • and (Mrs.) S. A. Riaz, School of Chemistry. University of Leeds. Leeds 2 
Controlled hydrolytic degradation of ultraphosphate glasses at their branching sites has indicated that these com-
pounds. with a ratio of univalent-cation to phosphorus between 07-10. cOnsist of random arrangements of 
trimetaphosphate rings. polyphosphate chains, and branched chains. No ring structures larger than trimeta-
phosphate have been found to exist in any of the ultraphosphates studied. 
The most likely overall average Structures have been determined for a series of ultraphosphate compositions from 
consideration of the unipositive cation to phosphorus ratio, the average chain-lengths of the degraded ooly-
phosphate chains, and the amounts of trimetaphosphate rings present. The results indicate that as the cation to 
phosphorus ratio decreases an increasing number of P–O–P linkages must appear in which the phosphorus atoms 
are in adjacent trimetaphosphate rings. 
Variations of the conditions of preparation showed that, for the range of compounds studied, a slight variation in 
the conditions used in a preparation caused very little difference in the nature of the product obtained. 
LIrrLE information has hitherto been available concern-
ing the structure of the glassy condensed phosphates 
which have compositions in the range where the ratio, 
R, of unipositive cation to phosphorus is <1, that is, 
the ultraphosphates. 
These compounds, which are unknown in the crystal-
line state, have been discussed by Van Wazer 5 and 
I J. R. Van Wa.zer. 'Phosphorus and its Compounds,' vol. 1, 
lnterscience. New York, 1958. P.  708. 
I E. Thilo, Advances lnorg. Radiochem., 1962, 4. 55.  
Thilo.2 They can be defined as phosphates in which 
some of the PO4 tetrahedra are linked to three others by 
the sharing of corners. 
It was suggested 3  from observations of the high 
viscosities of some aqueous solutions of Grahanis .alt.. 
(high molecular-weight long-chain sodium polyphos-
phate) immediately after solution is complete, that a 
U. P. Strauss. E. H. Smith. and P. L. \Vineman. J. .4 mc,. 
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small percentage of molecules which possess these 
branched chains must exist even in Graham's salt, where 
R = 1'0. The rapid fall in viscosity of such solutions, 
without a corresponding reduction in the average chain-
length, indicates that hydrolysis at the branched sites 
occurs more rapidly than the normal hydrolysis in which 
long-chain polyphosphates degrade into shorter chains. 
The possible structures of ultraphosphates have been 
discussed but these were only relatively simple 
structures chosen to fit certain selected formulae, either 
as the simple structures shown,. or as repeated units 
within much larger molecules. 
it is possible to prepare ultraphosphates with any 
chosen empirical formula, but only two examples have 
been reported of so-called crystalline ultraphosphates. 
These were in phase studies 8 on the CaO-P305 system. 
Many attempts to prepare crystalline forms of sodium 
ultraphosphates have been made but none has been 
successful and it is to be concluded that the ultraphos-
phate glasses may consist of a wide range of molecules, 
varying widely in structure and shape, which are unable 
to fit together into the regular pattern of a crystal 
lattice; an X-ray crystallographic examination of the 
structure of ultraphosphates is therefore impossible. 
We consider that ultraphosphates must consist of very 
large molecules each containing a large variety of internal 
building units, for it has been observed 7 ' 8 that, as R 
decreases towards 0'5, the time taken to dissolve the 
sample of ultraphosphate increases markedly (Table 1). 
It is likely that condensed branched phosphates of com-
paratively small size, with structures such as those 
discussed by Van Wazer, 4 ' 5 would dissolve rapidly and 
be subsequently hydrolysed in solution, whereas larger 
and more complicated polymeric and more compact 
arrangements of atoms, in which it is sterically more 
difficult for water molecules to apprach the easily 
hydrolysable branching points, would show greater 
resistance to solution in water. 
It was suggested 9  that the ultraphosphate molecules 
may consist of branched arrangements of mixtures of 
chains and rings of condensed phosphates. Preliminary 
work 10  has shown that this suggestion is very feasible 
and so we wished to ascertain the types of structural 
patterns which may exist within ultraphosphate mole-
cules with compositions in the range R = 0'7-1'0. 
Few physical methods commonly used for structural 
investigations are likely to be successful in the study of 
the structure of ultraphosphates. I.r. absorption spectra 
give broad bands, corresponding to the P-O stretching 
and breathing modes within which it is very difficult to 
define and assign any particular frequency. Even an 
average molecular-weight determination is impossible 
4  J. R. Van Wacer and E. J. Griffith. J. Amer. Chem. Soc., 
1955. 77. 6140. 
Ref. 1, p. 711. 
W. L. Hill, G. T. Faust. and D. S. Reynolds, Amer. J. Sd., 
1944. 242.pp. 457, 542. 
1 J. R. Van Wazer, J. Amer. C/tern. Soc., 1950, 72. 647. 
• J. B. Gill. unpublished work. 
• E. Thilo and A. Sonntag. Z. anorg. C/tern.. 1957, 291. 186. 
owing to the lack of a suitable solvent and the non-
crystalline nature of the substances. 
According to the anti-branching rule "a those sites 
at which three of the four oxygens of a PO 4 tetrahedron 
are shared with oxygens of other PO 4 tetrahedra are 
likely to be thermodynamically unstable compared with 
those in which only one or two oxygen atoms are shared. 
Thus, when an ultraphosphate ion is placed in water one 
would expect hydrolysis to be very rapid at these 
branching sites, at each of which any one of the three 
P-O-'P linkages may be broken. Depending on the 
original configuration of the molecule and/or on the 
manner in which the fractions of the molecule are 
cleaved, middle- or end-groups of phosphate chains or 
rings of metaphosphates may be produced. 
The rate of hydrolysis of branching sites in an ultra-
phosphate containing 1.9% of its phosphorus atoms at 
branching sites has been measured 9 at pH 8 and 210 
and found to have a first-order specific rate constant 
of about 6 x 10 mm:'. If this is compared with the 
rate constant of 1'I x 10 mm:' determined 13 at pH 8 
and 60° for the hydrolytic degradation of polyphosphate 
chains it is seen that at a nearly neutral pH the rate of 
hydrolysis of branching sites is some 600 times faster than 
normal phosphate hydrolysis, before any account is 
taken of the difference of 390  in the temperatures used 
for these measurements. We have measured the rate 
of hydrolysis of chain phosphates at a series of tempera-
tures. 14 Extrapolation of these results produced the 
value of 4 x 10 mm:' for the first-order specific rate 
constant at pH 7 and 25°. These values for the specific 
rate constants indicate half-lives of about 31  years for the 
hydrolysis of P-0-P linkages at pH 7 and 25°, and 2 hr. 
for the hydrolysis of PO4 tetrahedra at branching points 
at pH 8 and 60°. Thus the rate of hydrolysis of P-0-P 
linkages in the chains at room temperature may be re-
garded as negligibly slow when compared with the rate 
of hydrolysis at the branched sites. 
Earlier work Is has shown that the hydrolysis of 
branched phosphates is not particularly pH-dependent 
but that the polyphosphates produced are stable in 
neutral solutions. We have assumed that it should be 
possible to hydrolyse the cross-linked sites preferenti-
ally, with little hydrolytic attack upon the bonds between 
the remaining middle and end-group PO 4 tetrahedra. 
The resulting species in solution have therefore been 
analysed by quantitative chromatographic techniques 
to provide an indication of the species produced by 
hydrolytic degradation of ultraphosphates. Together 
with these chromatographic analyses, end-group titra-
tions 11 were carried out to determine n, the average 
Is S. M. Aiken and J. B. Gill. J. borg. Nuclear C/tern., 1966. 
28. 2460. 
it J. R. Van Wazer and K. A. HoIst. J. Amer. C/tern. Soc.. 
1950. 72. 639. 
• J. R. Van Wazer, J. Amer. C/tern. Soc., 1956. 78. 5709. 
E. Thilo and W. Vieker. Z. anorg. C/tern.. 1951. 291, 164. 
14 J. B. Gill and S. A. Max. J. C/tern. Soc. (A). 1989. 183. 
' U. P. Strauss and T. L. Treitler, J. Amer. C/tern. Soc.. 1955. 
77. 1473. 
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number of phosphorus atoms per chain, in the poly-
phosphates species produced, to provide a fairly com-
plete picture of the solution and its contents, for a range 
of ultraphosphate compositions in which R is 07-1 .0. 
EXPERIMENTAL 
Preparation of Ultraphoshate Samples.—Ultraphosphates 
with R 09-0'7 were obtained by mixing the calculated 
quantities of phosphorus(v) oxide and finely ground 
Graham's salt (obtained by quenching a melt of anhydrous 
sodium dihydrogen orthophosphate which had been heated 
at 650° for 2 hr.) and melting the resulting mixtures in a 
platinum dish in a sealed furnace. To exclude as much 
moisture as possible the components were kept i .n a dry 
box and mixed by shaking in a large bottle within the dry 
box. The dishes were transferred as rapidly as possible to 
the hot furnace. 
After heating for 2 hr. at 550° the melts were quenched 
rapidly by pouring the molten glasses over a stainless steel 
plate. The resulting clear glasses were cooled in a desic-
cator over silica gel and ground to a fine powder in a stain-
less steel bail mill fitted with rubber seals to eliminate 
atmospheric moisture during the grinding process. The 
cups of the mill were detachable and held about 30 g. of 
sample. They were always handled in the dry box as 
finely divided particles of ultraphosphate glasses are ex-
tremely hydroscopic. The ultraphosphate samples were 
stored in closed bottles over phosphorus(v) oxide. 
Analysis of Ultvophosphates.—Each accurately weighed 
ultraphosphate sample (about 25 g.) was placed in water 
(25 ml.) and concentrated nitric acid (25 ml.) was added. 
The solution was boiled (1 hr.) to ensure complete hydrolysis 
of the ultraphosphate to orthophosphate, cooled, and diluted 
to 1000 ml. 
The phosphorus content of this solution was determined 
by differential spectrophotometry by comparison of the 
absorbance at 420 nm of the heteropolyanion of molybdo. 
vanadophosphate, 1° with the absorbance produced by a 
standard potassium dihydrogen orthophosphate reference 
solution containing 1.6 mg. phosphorus per I. The sodium 
content of the solution was estimated by flame photo-
metry. Hydrogen was determined as the loss in weight on 
ignition of a mixture of ultraphosphate (1 g.) with pre-
ignited zinc oxide (2 g.)." This mixture was roasted at 
550° for 1 hr. before cooling and weighing and then re-
ignited to constant weight. (Analyses: R. 0890; H, 
0055; Na, 195; P. 31.7%. R, 0889; H. 0060; Na, 
196; P. 31.9%. R. 0'853; H. 0044; Na, 193; P. 32.0%. 
R, 0807; H. 0042; Na, 18.5; P. 32.6%. R. 0795; 
H, 0052; Na, 180; P, 33.0%. R. 0719; H, 0032; Na, 
171; P.33.5%. R, 0724; H, 0042; Na, 170; P, 33.5%). 
Solutions of Ullraphosphates.—TJltraphosphate (1 g.) was 
placed in de-ionised water (200 ml.) in a magnetically 
stirred vessel" maintained at 25°, which was fitted with 
glass and calomel electrodes and a carbon dioxide-trap. 
Using a Radiometer TTT1 titrator the solution was con-
tinuously titrated by automatic addition of 2N-sOdiurn 
hydroxide solution to neutralise the acidic hydroxy-groups 
liberated by hydrolysis of the ultraphosphate and to main-
tain pH 7. When the ultraphosphate had completely dis-
solved the solution was titrated to determine a, the average 
chain-length of the residual polyphosphate, as well as being 
subjected to a therough quantitative paper chromato-
graphic analysis to determine the proportion of phos- 
FF  
phorus present as trimetaphosphate and chain polyphos-
phate as previously described." 
Determination of Chain Length.—All the end-group titra-
tions were carried out by titrating the phosphate solution 
with carbon dioxide-free 0hc-sodiurn hydroxide from 
pH 3-10 using a Radiometer pH meter. Type PHM ad. 
The solution was first brought to about pH 3 by the addition 
of 0-2e-hydrochloric acid solution. This was followed by 
the addition of successive small amounts of 0•hc-sodium 
hydroxide solution and the pH of the solution after each 
addition was recorded up to pH 10. The number of equiva-
lents of weakly acidic hydroxy groups per phosphorus atom 
was obtained from the amoint of sodium hydroxide re-
quired to titrate the solution from the inflection in the 
titration curve at about pH 45 to the inflection at about 
pH 9. The average number of phosphorus atoms in the 
chains was calculated from the relationship: 
No. of equivalents NaOH used in the titration between pH 
45 and 90 = O'lX/lOOO = No. of equivalents of weak acid 
hydroxy groups titrated, where X = ml. of NaOH as 
titrant. 
No. of g. atoms of phosphorus in the sample = (Y - Z)131 
where Y = total weight of phosphorus in the sample, and 
Z is the weight of phosphorus present as trimetaphosphate 
in the sample (obtained by quantitative paper chroma-
tography). Now there are (0.IX/l000) equivalents of weak 
acid hydroxy groups associated with [(Y - Z)131] g. atoms 
of phosphorus but each chain has two acid hydroxy groups, 
so that 
[a = [(Y - Z)131] 200010.IX 
RESULTS AND DISCUSSION 
Chromatograms obtained with the solutions of ultra-
phosphates in water invariably showed the presence of 
considerable amounts of ring trimetaphosphate, (P0 3)33- , 
along with small amounts of ortho-, pyro, tripoly-, and 
oligo-phosphates and considerable quantities of long-
chain polyphosphates. Particular attention has been 
paid to the metaphosphate species which were present. 
In the many basic chromatograms which were run 
(ring metaphosphates have higher Rp values than 
polyphosphates in a basic medium), including a large 
number of two-dimensional ones, no evidence was found 
to indicate the presence of any ring metaphosphate 
larger than trimetaphosphate. It is therefore con-
cluded that rings with more than three P0 tetrahedra 
are not constituent parts of ultraphosphates in the 
region in which R lies between 0'7 and unity. If, in-
deed, they are constituent parts then they are present 
only in minute proportions. 
The trimetaphosphate found on the chromatograms 
could have been produced by two possible routes. 
Either the trimetaphosphate is a constituent part of an 
ultraphosphate molecule and will be produced in solu-
tion after the hydrolysis of the ultraphosphate, or alter-
natively the degradation of the polyphosphate produced 
" A. Gee and V. R. Deits. AnoJyS. Chem.. 1953. 25, 1320. 




after hydrolysis of the ultraphosphate gives rise to 
trimetaphosphate rings. 
Polyphosphates are known to degrade into trimeta-
phosphate.'38  Thilo and Wieker 13  claim that this 
degradation process follows first-order kinetics and that 
the process does not involve any cleavage of P-O-P 
bonds. The kinetic studies described in an earlier paper" 
were primarily undertaken to establish that the rate of 
formation of trimetaphosphate from long-chain poly-
phosphates is very slow at the temperatures used in this 
work. The first-order specific rate constant, k 0, for 
the formation of trimetaphosphate in the degradation of 
a polyphosphate solution at 25° gives a half-life of 12 
years. Hence in the time taken to dissolve a sample 
of ultraphosphate (no more than 14 days) the amount of 
trimetaphosphate produced by this mechanism must be 
regarded as negligible. 
It is therefore concluded that the trimetaphosphate 
found on the chromatogramS was initially present as a 
constituent part of the ultraphosphate molecules. 
Further evidence of this is provided from the i.r. spectra 
of the glasses. All samples of ultraphosphates show a 
broad doublet with peaks at about 773 and 754 cm:', 
which become much more well-defined as R decreases, 
as part of a broad absorption in the 700-800 cm:' 
region of the spectrum. This doublet is exactly coinci-
dent with the sharply defined doublet to be found in the 
spectrum of sodium trimetaphosphate which has been 
assigned,19 ' 51  as corresponding to the O-P-O angle 
deformation in the ring. It is therefore confirmed that 
trimetaphosph ate rings are important constituents of the 
ultraphosphate molecules even in thee solid' glasses. 
The mechanism of solution of an ultraphosphate is not 
understood. Table 1 shows that as the value of R 
TABLE I 
Time to dissolve powdered samples (1 g.) of various 
ultraphosphates 
R Time to dissolve 
10 3-4 mm. 
09 3-5 hr. 
08 3-7 days 
07 2-4 wk. 
05 >Smth. 
00 25 mm. 
decreases from 10 to 05 the rate of solution of a sample 
of ultraphosphate decreases enormously, is at a minimum 
in the region of 0'5, and increases to the order of minutes 
at 00. 
We believe that, as R decreases from FO to 05 and the 
number of branching sites increases within the mole-
cule, the molecules themselves become much more com-
pact within the matrix of the glass. Thus as R decreases 
water molecules find it increasingly difficult to enter a 
glass particle, either to dissolve or to attack individual 
ultraphosphate molecules hydrotytically. 
Two processes of solution would appear to be possible. 
Either the ultraphosphate molecules near the surface of 
the glass particle dissolve, with subsequent rapid hydroly-
sis, or the surface molecules are themselves hydrolytically 
J. Chem. Soc. (A), 1969 
attacked with the subsequent solution of the resulting 
poly- and tri-metaphosphates. As there is some 
evidences for the brief existence in solution of molecules 
containing branching PO4  tetrahedra, we prefer to regard 
the former as the more likely. Experiments involving 
the solution of ultraphosphates were always maintained 
at a steady pH of 7 by the automatic addition of sodium 
hydroxide. It is unfortunate however, that although the 
changing rate of addition was obtained graphically 
from the apparatus in each experiment, it did not provide 
a means of differentiation between the two possible 
mechanisms, since the rate of solution must depend 
directly upon the surface area of the glass particles, 
regardless of the mechanism. The graphs obtained on 
the titrimeter for the rate of addition of sodium hydroxide 
illustrate this effect qualitatively. 
End-group titrations performed on all the solutions 
obtained from ultraphosphate samples have provided a, 
the average chain-length of the polyihosphate chains 
produced in each hydrolysis. These results, together 
with the trimetaphosphate contents of the ultraphos-
phate solutions obtained by quantitative paper chroma-
tography, are shown in Table 2. 
It can be seen that in the ultraphosphates studied, in 
which R ranges from 09 to 07, 12%-18 0% of the 
phosphorus is present as trimetaphosphate while the 
polyphosphates produced have chain lengths which vary 
from an average of 20 to 10 phosphorus atoms. 
Since the only species found on the chromatograms 
of the solutions were trimetaphosphate rings and poly-
phosphate chains, an attempt has been made to find 
TABLE 2 
Chain lengths of residual polyphosphates and proportions of 
trimetaphosphate found in solutions of ultraphosphates 
% Total P as 
R trimetaphosphate is 
0890 11•9 16 
0889 11•5 IS 
0853 140 20 
0.807 158 16 
0.795 167 12 
0.719 180 11 
0724 180 11 
for ultraphosphates, formulae which are based on several 
different basic repeating units derived from these. 
There was no previous evidence to indicate whether rings 
normally joined with the middles or the ends of chains 
and in the following argument it has been assumed that a 
trimetaphosphate ring may be attached to one, two, or 
three chains. Each of these basic units has been 
assumed to represent the average pattern over a com-
plete molecule. 
On this basis a series of overall average formulae for 
ultraphosphate molecules has been derived from these 
likely structures by summation of the number of oxygen 
and phosphorus atoms and metal catioris within each 
IS E. Bamann and E. Nowotny, Che,n. Ber.. 1948. 81. 463. 
" A. Simon and E. Steger. Z. anorg. CAem.. 1954, 277. 209. 
20 E. Steger. Z. arorg. C/tern.. 1958. 296. 305. 
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single repeating unit. 	From the formulae obtained the 
expected values of R as well as the theoretical per- 
centage of phosphorus present as trimetaphosphate have 
been calculated for various chain-lengths. 	These re- 
suits are shown in Tables 3—il. 
TABLE 3 
Cr (I) 	M +1P. +3O3 	1) 
Caic. % P as 
is 	 R 	trimetaphosphate 
2 0-80 600 
10 	0-847 	 23-1 
11 0.858 21.4 
12 	0.867 	 20-0 
16 0-895 15-8 
20 	0.913 	 13-0 
TABLE 4 
Caic. % P as 
is 	 R 	tnnietaphosphate 
2 0.714 42-9 
10 	0914 	 13. 11 
11 0-920 12-0 
12 	0-926 	 11-1 
16 0.943 8-6 
20 	0-955 	 7-0 
TABLE 5 
(rT 	(III) 	1P130 +1 (a > 2) 
Caic. % P as 
is 	R 	trimetaphosphate 
2 0-428 42-9 
10 	0.826 	 130 
11 0-840 12-0 
12 	0-852 	 11-1 
18 0-886 86 
20 	0-907 	 70 
TABLE 6 
(IV 	MI.IPM,IOthI *, (a 	2) .1O1-1- 
Caic. % P as 
is 	 R 	trimetaphosphate 
2 0-636 27-3 ti 
10 	0-907 	 7.0 
11 0-915 6-4 C 
12 	0.921 	 5-9 
16 0-941 4-5 e 
20 	0-952 	 3-6 
TABLE 7 
(V) 	 0) 
CaIc. % P as 
is 	 R 	trimetaphosphate 
2 0-500 75-0 
10 	0.750 	 37.5 a 
11 0-765 35-3 
12 	0-778 	 33-3 a 
16 0-818 21-3 
20 	0-847 	 23-7 ç 
847 
TABLE 8 
0—FO  (VI) M 2 P150 11 (a 2) 
CaIc. % P as 
a 	R 	trimetaphosphate 
2 0-400 60-0 
10 	0-770 	 23-1 
11 0-786 21-4 
12 	0-800 	 200 
16 0-842 15-8 
20 	0870 	 13-0 
TABLE 9 
D7-0--O  (VII) MIPS+,O,+I (a 2) 
CaIc. % P as 
is 	 R 	trimetaphosphate 
2 0-333 60-0 
10 	0-744 	 23-1 
11 0-762 21-4 
12 	0-777 	 20-0 
16 0-825 15-8 
20 	0-866 	 13-0 
TABLE 10 
	
a_O__O 	(VIII) 1 ~ 5P 	(a 0) 
Caic. % P as 
a 	R 	trirnataphosphate 
2 0-385 69-2 
10 	0-725 	 31-0 
11 - 0-742 29-0 
12 	0.758 	 27-3 
16 0-787 219 
20 	0-837 	 18-4 
TABLE 11 
D7-07-0 (1X M4 _ 5P1 ,,0 12 11 (n 2) 
CaIc. ° P as 
a 	 R 	trimetaphosphate 
2 0-412 52-9 
10 	0-797 	 184 
11 0-812 17-0 
12 	0-825 	 15-8 
16 0-863 12-3 
20 	0-888 	 10-1 
In these Tables the form ula of each repeating struc-
aral unit has been expressed in terms of the number of 
hosphorus atoms, n, contained in the polyphosphate 
hams which link the trimetaphosphate rings. For 
xample, the simplest structure unit (I) depicted in 
o o •o 10 1 2 
— 	 (I) 
o.p_o [o- j 0— o# 'o- 	fl-I 
able 3, consists of a trimetaphosphate ring with an 
ttached chain containing n phosphorus atoms. In this 
tructure there are three sites which are available for 
ttachment to adjacent units, two in the trimetaphos-
hate ring and one at the end of the chain. Two of these 
sites only may be involved in bonding to adjacent units 
with similar sites in those units and the valency require-
ments of the third site will be satisfied by the inclusion 
of a further M 4 ion. Thus the overall formula for (I) 
becomes MR+1Pfl+3O3,, +8, where Al is a unipositive 
cation and n > 1. 
In structure (VI), shown in Table 8, which involves a 
branched chain arrangement there are five sites available 
for bonding between repeat units, four in the trimeta-
phosphate rings [P(1), P(2), P(4), and P(5)) and one at 
the end of the chain [P(3)]. However, only four sites 
may be used as connecting sites between units, since 
this number must be even. Of these four, two must be 
considered as providing the electrons for bonding with 
adjacent repeat units, and the other two as accepting 
electrons from the corresponding 'donor' sites in two 
further adjacent repeat units. Thus the structure of the 
repeat unit (VI) may be shown: 
J. Chem. Soc. (A), 1969 
which R is 0853, 0807, and 0795 suggests that a 
mixture of the structures shown in Tables 8, 9, and 11 
would be the most likely for these ultraphosphates. 
Finally, the ultraphosphate samples where R is 0719 
and 0724 give results which approximate most closely 
to the structures given with Tables 9, 10, and 11, i.e. 
when R is lowest, there is a much greater proportion 
of ring trimetaphosphate to chain polyphosphate than 
when the value of R is high. Moreover, as R decreases 
the polyphosphate chains are decreased in length and 
increased in complexity through an increase in branching 
sites within chains. 
The ratios of numbers of rings to chains have been 
calculated for the simple repeating structural units 
which appear to offer the best fits for the R values. 
These are shown in Table 12 along with the average 
chain length n and the percentage of total phosphorus 
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The heavy black lines indicate the connecting bonds 
between this and adjacent units. The fifth available 
site for bonding to adjacent units, chosen as P(2), has 
had its valency requirements satisfied by the inclusion of 
an W ion. However, this might equally well have been 
used as a bonding site to an adjacent repeat unit at the 
expense of another site, e.g. P(3). In this case the chain 
would have to be terminated by the inclusion of the M 
ion with the formula of the repeat unit remaining un-
changed. 
In the calculation of the formula it has been assumed 
that each chain, shown within the dotted areas, contains 
n phosphorus atoms. Hydrolytic attack at the branch-
ing sites produces two chains of which the averaged 
chain-lengths, as determined by end-group titrations is 
n. Thus the formula for the structure (VI) is obtained 
as and for a branching site to exist as 
shown, n a 2. 
A comparison of Table 2 with Tables 3 and 5, suggests 
that the ultraphosphates in which R is 0890 and 0889 
might, on average, be a mixture of structures containing 
one ring and one chain, and one ring and two chains. 
Inspection of the results for the ultraphosphates in 
The ratio of rings to chains is seen to follow a definite 
trend in which, in general, the number of rings per chain 
increases as R decreases. Furthermore, a count of the 
number of linking sites, within the structures (I)—(IX), 
T.kI3LE 12 
Found % P 	Best Limits of 
as trimeta- average ring 	chairs 
R n phosphate 	structure ratio 
0890 16 11-9 	1 	c , . 	. 	0 
0889 18 1 I-S 	f (1) -r  (III) 	ç 1 . 1-1 . - 
0853 20 140 	) 	( 	(VI) 
0-807 16 15-8 (VII) I 	1-1: 1-33 
0795 12 
. 
 16-7 	J 	L. (IX)
0719 11 18-0 	) 	( 	(VII) 
. . (VIII) I : 067-1 : 133 
0.724 11 18-0 	J 	( (IX) 	J 
which are available to be used to link one repeating unit 
to the next clearly indicates that in the structures in 
which R is lowest some PO 4 tetrahedra in rings must be 
directly joined to those in other rings. Thus it can be 
inferred that as the value of R becomes much lower than 
those studied in this work the direct linkage of one ring 
Phos- with another will become much more common. 
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phate linkages of this type have not hitherto been re-
ported. 
TABLE 13 
Analytical results obtained from ultraphosphates 
(R = 0-83) prepared under different conditions 
Temp. Period of % of ring- 
(°c) heating (hr.) R n phosphate 
600 2 083 16 160 
600 6 083 16 164 
600 18 084 16 15-7 
700 2 0-84 16 15-9 
700 6 084 16 15-8 
700 18 0-83 17 15-5 
800 2 0-83 17 16.2 
800 8 0•82 17 . 18.3 
800 18 0-82 19 15-6 
The ultraphosphates we have considered were all 
prepared using the same conditions of temperature and 
time of heating. In order to assess the effect of different  
heating times and temperatures of preparation upon the 
nature of the product several mixtures of phosphorus(v) 
oxide and Graham's salt (all with RCa. 0-83) were heated 
in the furnace under different conditions. Each sample 
was dissolved in water in the normal manner and the 
trimetaphosphate content and the average chain-length, 
n, of the residual polyphosphate chains were determined. 
Table 13 summarizes these results which indicate that 
the structure of an ultraphosphate molecule does not 
appear to be greatly dependent upon the temperature or 
time of preparation. 
Finally a mixture with R = 0-83 was prepared from 
tetrasodium pyrophosphate and phosphorus(v) oxide. 
When this was heated for 2 hr. at 600° an ultraphosphate 
was obtained with a trimetaphosphate content and poly-
phosphate of average chain-lengths similar to those 
listed in Table 13. 
[81862 Receired, June 21st, 1968] 
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The Mobility of the Hydrogen Ion in Liquid Ammonia 
By J. B. GILL 
(Department of Chemistry. University of Edinburgh) 
THE work of Franklin and Cady' indicates that the 
transference number of the amnionium ion (the 
hydrogen ion) in liquid ammonia at —34 0c lies 
between 0'42 and 044. In the present work the 
transference numbers of ammonium and potassium 
ions in nitrate solutions have been determined by a 
moving boundary method at various concenba-
tions up to 0-2m and temperatures between 
—45° and - 650. The results are shown in the 
Figure. 
It is seen that, within the limits of the experi-
mental error (± 1  part in 1000). the transference 
numbers of both ammonium and potassium ions in 





u (mole I. 
Variation of transference numbers of potassium and 
ammonium ions at various temperatures with the square 
root of concentration. 
A. K at - 65°; B, K' at - 480; C. NH, at - 450; 
D, NH4 at - 55° E, NH, at - 650. 
Assuming that the nitrate ion behaves similarly 
in both ammonium and potassium solutions at the  
same concentrations and temperatures. it follows 
that the hydrogen ion in liquid ammonia has 
a significantly lower ionic mobility than the 
potassium ion at all temperatures. Thus the pheno-
menon of the anomalously high ionic mobility of 
hydrogen ion is absent in liquid ammonia. Fur-
ther the values of the transference numbers of the 
hydrogen ion decrease as the temperature decreases. 
This is exactly the opposite situation to that 
observed for the limiting values for the hydrogen 
ion in water which increase from 0-764 at 1000,  to 
0-830 at 250,  to 0'850 at 0°.' This is attributed to 
the increasing degree of order within the solvent's 
structure which allows a greater contribution 
towards the total mobility to come from the 
proton-transfer mechanism" as the temperature 
is lowered The properties of molecular associa-
tion within liquid ammonia are well established and 
in the same way an increasing degree f ordering is 
to be expected as the temperature decreases though 
not to the same extent as in water because of 
weaker hydrogen bonding and the inability to form 
three-dimensional arrangements. Thus if a pro-
ton-transfer mechanism contributes appreciably 
towards the ionic mobility of the hydrogen ion in 
liquid ammonia then an increase in the transference 
number relative to the nitrate ion is to be expected 
as the temperature is lowered. The opposite 
effect is observed and it is inferred, therefore, that 
the ionic mobility of the hydrogen ion in liquid 
ammonia is composed mainly of the normal 
mobility contribution corresponding to the diffu-
sion of the ammonium ion and its associated 
solvent molecules. If a proton-transfer mech-
anism occurs then it must be regarded as contri-
buting only to a minor extent towards the total 
ionic mobility. 
(Received, November 26th, 1964.) 
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1061. SoltUion8 of Elect rolyte8 in Liquid Ammonia. Part I. The 
Tran8ference Number8 of Potaeiurn, Sodium, Lithium, and Am-
tnonium 10718 in Nitrate Solution8 
ByJ.BGfLL 	-. 
Transfàence nuthbeis at 1C'. Ne72 W. and NH44 ions in nitrate solutions 
in liquid ammonia have ben'deternilned at —45°, —55°,'and —85°. Ionic 
mobilities are in the order K" > Na4 Z NH4 ' > Li", but their differences 
relative to each 'other are less than in water. The NH" ion shows no ab-
normal mobility properties as does the hydronium ion in water. In ammonia 
it differs from the NH. ion in water only in its degree of solvation relative 
to other ions. : 
NUMEROUS reports of conductancemeasurernents an solutions of salts in liquid ammonia 
have appeared in the literature. 'Verylittle of this work has been carned out at tempera-
tures other than'-33 °, the boiling point of liquid ammonia. It is the intention in this 
Paper and in subsequent work tosudy the variations of transference numbers and conduc-
tances of salts in liquid ammonia qver a range of temperatures. 
A general lack ottransferéncé dita in non-a4ueous solutions 1 ' 2 has hitherto made it 
impossible to obtain individual io'YJ conductances and hence information about ionic sizes 
and solvation properties. The, only1 .data available on solutions, of electrolytes in liquid 
ammonia are those 'of Pranklin and Cady 8  which, although excellent at: their time, only 
provide results at —34°, and these are of too low 'an accuracy for satisfactory extrapolation 
to limiting values. 
The most widely accepted method for the measurement of transference numbers is the 
moving-boundary method. In order to avoid the very great practical difficulties which 
would be encountered in setting up a sheared boundary in liquid ammonia solutions, an 
autogenic" boundary similar to that described by Franklin and Cady has been adopted 
in this work, but in which solid mercury, acting as the cell anode, was electrolysed into 
solution. Nitrates have been chosen as the electrolytes on account of the solubility of 
mercuric nitrate which acts as the indicator in liquid ammonia. 
EXPERIMENTAL 
The transference cell, shown in Figure 1 (a), consisted of a precision-bore thin-walled Pyrex 
glass tube A. 10 cm. long and graduated every 05 cm., through the lower end of which was 
sealed a shoct piece of tungsten wire B. The tube was graduated with two marks at each posi-
tion so that each mark covered one quarter of the circumference, leaving clear spaces diametric-
ally opposite each other. The tungsten, covered with a pool of mercury C, which, when 
frozen, served as anode, was soldered to a copper lead which was led from the cell into the glass 
tube D. The graduated tube A opened into a wider compartment E which contained, as the 
cathode compartment, a 3-cm. length of 1-cm. diameter glass tube F. The platinum cathode 
was mounted on a stout platinum wire which entered through the gas inlet. The ground glass 
joint G which carried the delivery tube was mounted concentrically with the graduated tube 
so that the thin delivery tube H. shown in Figure 1 (b), could be placed down to the bottom 
of the graduated tube to enable delivery and removal of liquid. This deliv ry tube was construc-
ted from a length of thin-walled 2-mm. bore glass tubing drawn out to fit into the graduated 
tube as a funnel. A flexible vacuum..tight seal was made by a long rubber balloon 0; this 
enabled the delivery tube to be inserted into and removed from the graduated tube without 
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The thermostatted bath was an unsilvered Dewar flask containing liquid propane and a few 
boiling-chips sealed by a large split cork through which the cell, a spirit thermometer, and the 
gas outlet tube were fitted. Finally, the whole cork surface and fittings were sealed with Picene 
wax. A rubber band P about 5 cm. wide was fitted over the edges of the cork and the top few 
cm. of the Dewar flask. With this arrangement a fairly good vacuum could be maintained for a 
prolonged period. Constant temperatures to better than ± 0.10 were maintained by boiling 
the propane under fixed reduced pressures controlled to ±1 mm. Hg by a manostat. Tempera-
tures were read with the spirit thermometer S which was previously calibrated against a thermo-
couple which could be read to better than 0'05 0 . 
Standard solutions were prepared in the arrangement shownm Figure 1 (c). The evacuated 
flask L containing the weighed solid was placed in an acetone-solid carbon dioxide mixture at 
—55° in an unsilvered Dewar flask. Withthe tap J closed, ammonia gas entered through the 
three-way stopcock K by way of the vessel M and condensed until the solution had reached the 
level of the graduations N in the neck of the flask. The bubbling of gaseous ammonia into the 
FIGURE 1. (a) Transference cell, (b) thermostatted bath, and (c) standard-flask 
arrangement 
liquid ensured good mixing of the solutions. The flask was calibrated frequently by filling with 
water at 25° and weighing. A volume correction was applied to correct for the temperature at. 
which the flask was used. No change in volume was observed with usage. When the level 
of solution had reached the marks N. the temperature in the surrounding Dewar flask was main-
tained for about 1 hr. at —55° by the periodic addition of small pieces of solid carbon dioxide. 
Finally, the partial pressure of ammonia in the gas system was adjusted to that of the equili-
brium vapour pressure 4  for the temperature of ammonia in the standard flask L. Taps K and 
J were now opened, the pressures over the two liquid surfaces equalised, and the volume of 
solutions read off. 
Transfer of liquid from the standard flask L to the transference cell was effected by reducing 
the pressure by about 1 cm. Hg in the transference cell through gas reservoir 1. The tap K 
was opened to connect the standard flask to the transference cell, and, with delivery tube H 
inserted in the graduated tube A, the cell was filled with liquid ammonia solution. Tap K 
was now turned to connect the transference cell to the disposal flask M, the pressure adjusted to 
atmospheric in the transference cell through gas reservoir 2, and the pressure in M reduced by 
about 1 cm. Hg through gas reservoir 1; liquid ammonia solution was thus removed from the 
cell to the disposal flask M. This operation was repeated 4 or 5 times before each run to ensure 
thorough washing of the cell and Polythene pipeline. Before each run the delivery tube was 
lifted above the level of the liquid in the cell, and the ammonia solution which it containedre-
moved to the disposal flask. Taps K and R were then closed. Before starting a run the solu-
tion was allowed to stand in the cell for 30-45 mm. to attain the temperature of the bath. 
The transference cell and the standard flask were connected by 2-mm. bore thin-walled 
Polythene tubing, which was maintained within a few degrees of the temperature of the solution 
by enclosing-it within a well-lagged-rubber tube of J in. diameter. Cold nitrogen gas, supplied 
from a sealed Dewar flask containing a heating coil, was passed through the rubber jacket, 
and the temperature was controlled by. adjustment of the current supply .to -the. heater. 
The gas lines connecting the two.gas reservoirs,.the transference cell, and the standard flask 
were guarded from the atmosphere by moisture and carbon dioxide traps. The gas reservoirs. 
about 5-1. capacity, could be isolated independently or interconnected to enable the equalisation 
of pressures. 
A potential.diflerence about lOOv d.c. was applied across the cell. Thiswassuppliedfroflia 
constant-current device similar to that described by Hopkins and Covington 6  but based on a 
constant 650v.d.c. source provided by a $olartron, power pack, type AS 1165. The .current.was 
measured potentiometrically through a manganin-wound standard resistance of .10 ohms in 
series with the cell. 
The graduated tube A was calibrated with mercury. Differences in the mercury levels and 
the adjacent marks were compared, against the differences in weights. Calibrations were made 
over minimum tube distances of 4 cm. (8 marks) with a cathetometer which could be read to 
±0.001 cm. 	 . 
Pvepar&ion of Materials.—All .the salts except lithium nitrate were of AnalaR quality and 
were recrystallised three times and dried in a vacuum over phosphoric oxide -for several 4ays. 
They were then stored in desiccators over.  phosphoric oxide Lithium nitrate was recrystaThsed 
five times and dried in a vacuum over phpsphotic oqde at room temperature for :1 week. EinaUy, 
it-was dried for 3 weeks at 61° in a vacuum over phosphoric oxide. The water contents of all 
the salts used were no higher,than trace quantities.. When muse the saltswere stçred in a vessel 
connected through a side arm to a vessel containing phosphoric oxide This device had a ground-
glass joint which fitted the neck of a weighing bottle narrow enough to fit into the neck of the 
standard flask L. - ntact - of the salts with the atmosphere was thus reduced to only a few 
seconds during each weighing. 
The ammonia used was distilled once from a cylinder of pure anhydrous ammonia. Titr- 
ations of the water contents of samples by -Karl Fischer reagent by a procedure similar to that 
developed by Hodgson and Glover -, showed the moisture ,content to be less than 0.005%. 
Errofs.—Current measurements were better than lpart in 3000, and the cell calibration better 
than I part in 4 Q00. The time at which the boundary passed a mark in the cell,could be estab-
lished to ± 1 sec., and all the times used in the calculation of results were greater than 2000 sec. 
Temperature coefficients of the transference numbers of K+, N a+, Li+, and NH4+ ions are 00002, 
00006, 00004, and 00005 per °c, respectively. As temperatures were controlled to 01°. 
the errors due to any variation in temperature were negligible. The greatest -likely source of 
error was in the evaporation of ammonia during the transference of the solution 4-tom the 
standard flask to the cell. During this process the pressure was reduced by about 1 cm. Hg 
below atmospheric. If the maximum distillation occurred, then the errordue .to.evaporatiOfl 
would be about I part in 1200 at - 55°. 
In the absence of molar-volume data for the ions, no corrections have been made for volume 
changes in the solutions during electrolysis; these are likely to be small. The correction due 
to the specific conductance of the ammonia is-negligible. Anaccuracyof ±01% is claimed for 
the results. 
RESULTS 
In all cases mercuric ions electrolysed very well into solution from the solid mercury anode, 
and before the first graduation was reached a clear sharp thin flat boundary had been obtained. 
Except for ammonium nitrate, the boundaries became difficult to observe at concentrations much 
below 001M. 
Transference numbers were compiled from the equation 1, = VcF/1000IT, where V is the 
volume swept out in time T, c is the concentration in moles per litre, and P is the Faraday. In 
each run a series of 30-40 values of V and T were obtained. From these results the standard 
LZ 
deviations obtained rarely exceeded 0-0003 in ç, and maximum variations in individual results 
0-0008 in 1. 
Concentrations were calculated in molar units, assuming that the ratio of the densities of 
the solutions were the same as the ratio of the densities of liquid ammonia over the same tem-
perature range. The density data of Cragoe and Harper 7  were used. 
An early series of experiments indicated that there was no variation in t with the potential 
difference applied, and subsequently runs were designed in which the boundary moved 5 cm. 
in 2000-3000 sec. 
Values obtained in the individual experiments are given in Table 1, except that the results 
for K4 ion at 450° have been extrapolated from a series of results obtained at –48-0 °. 
TABLE 1 
Variation of + with concentration 
KNO (-65-0°) NaNO,(– 65-0°) LINO.(– 65.0°) NH4NOI ( - 05.0°) 
"I. C C 1+ C 
0-4928 0-10736 0-3902 0.10860 03443 	0-10355 0-3814 0-15645 
0-4915 0-07285 0-3942 0-05413 03544 0-05185 0-3884 0-09430 
0-4893 0-03647 0-3973 0-02567 0-3630 	0-02281 0-3914 0-04659 
0-4889 0-01129 0-3995 0-01430 0-3964 0-01796 








NH4NO, (-45-0°) NHNO3 (-550°) KNOB (-45-0°) NaNO, (-45-0°) 	LiNO, (-45-0°) 
0-3918 0-15156 0-4875 0-11413 
0-3954 0-09193 0-4857 0-06762 
0-3997 0-04498 0-4861 0-00092 
• 0-4037 0-01452 0-4840 0-02839 
0-4051 0-008932 0-4825 0-01210 
04013 0-09643 0-3524 0-10199 
0-4067 0-05315 0-3670 0-03530 
0-4074 0-03557 0-3692 0-02852 








• It was originally intended to include the transference numbers of the csium ion in this work. 
However, the maximum solubiity of csium nitrate in liquid ammonia at these temperatures'was 
a19ut 0-01M. With such a low solubility the concentration range over which the variation 
of 1+  can be observed was far too small to allow satisfactory extrapolation of plots of t against 
ci to limiting values. 
DIscussioN 
The plots of ç against c1 for all the ions studied are linear, within the limits of experi-
mental error, as seen in Figure 2 (a—d), and the values of the limiting transference numbers, 
1 °, shown in Table 2 were obtained by linear extrapolations. From the results in Table 2, 
values of the limiting cation conductances relative to the limiting conductance of the nitrate 
ion can be obtained from the relationship A+°/A_ ° = £°f(l - 
The absolute values of A ° are not obtainable in the absence of conductance data. 
They are, however, proportional to the values of the ratio A °/&°, shown in Table 3, 
since A_° refers to the nitrate ion in all cases, and it is this ratio which is used in this. 
Paper to compare limiting cation conductances 
TABLE 2 
Limiting cation transference numbers in nitrate solutions in liquid ammonia at various 
temperatures 
Temp. Na4 LI NH, 
–65-0° 0-4842 0-4052 0•3794 0-4040 
–550 04824 - - 0-4092 
–45-0 0-4805 0-4170 0-3880 0-4140 
TABLE 3 
Limiting ion conductances in liquid ammonia ± 
Temp. K Na4 Li NH, 
—0501 0-939 0-681 0•611 0-679 
–550 0-932 - 01602 
–450 0925 0715 0634 0707 
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The limiting conductance of the ammonium ion, regarded as the hydrogen ion in liquid 
ammonia, is seen to be approximately equal to that of the sodium ion and less than that of 
the potassium ion at all temperatures. Thus, the mobility of the hydrogen ion in liquid 
ammonia is not anomalous as it is in aqueous solutions. Moreover, there is little change 
with temperature in the ratio A+°/A qH,+°. where W is alkali-metal ion. Certainly, there 
is no change which can be compared with the change in the ratio AM+ °/AH+° in water over a 
range of temperature, as can be seem from a comparison in Tables 4 and 5. 
C " (mol' 
FIGURE 2. Variation of the transference numbers of univalent cations with the square 
root of concentration at various temperatures in liquid ammonia: (a) K+  in 
KNO3 ; (b) Na 4 in NaNO1 , (c) Li in LjN0; (d) NH 4 in NH4NO3 
In aqueaus solutions the high mobility of the hydrogen ion is attributed to the proton-
transfer mechanism in which a proton passes, in the direction of the applied field, 
from a charged hydronium ion to an uncharged arrangement of associated water molecules 
by the making and breaking of a hydrogen bridge. The properties of molecular association 
in liquid ammonia are well established, and with considerable hydrogen-bonding an in-
creasing degree of ordering must occur as the temperature decreases, though not to the 
same extent as in water because of the weaker hydrogen-bonding between the nitrogen atoms 
and the inability for ammonia to form the three-dimensional arrangements found in water. 
There appear to be similar structural conditions in ammonia, and the transference of charge 
by a proton-transfer process seems feasible though to a lesser extent than in water on account 
of the reduced number of transfer sites available. 
If a proton-transfer mechanism contributes appreciably to the mobility of the hydrogen 
ion in ammonia, it is to be expected that its contribution will increase with decrease -in 
temperature as the degree of molecular association within the solvent increases. The 
pronounced increase in mobility of the hydrogen ion in water with decreasing temperature 
relative to. the other ions can be seen from Table 5 by the change in the ratios A+ °/Au+°, 
A a+°/A+°, and Au+°/AH+°. The similar ratios involving the NH4 ion in liquid ammonia 
show no such trend with change of temperature. In ammonia the -ratios ANS f ° /A,,+° 
and A+°/A+,°  remain constant with changing temperature whilst Ax+ °/A,+°  changes 
only from 1-37 to 1-31 as the temperature changes from —65 to —45°, a small change in 
the direction opposite to that observed with the Ax+ °/An+° ratio in water. 
TABLE 4 
Ratios of limiting ion conductances (A°) in liquid ammonia 
	
Temp. 	K+/NH4+ 	Na+/NH4+ 	LijNH4+ 	K+/Na+ 	KL1 	Li/Na+ 
—65-0° 1•38 1-00 0•90 138 1-54 0-90 
—55-0 	1-35 	 - 	 - 	 - 	 - 	 - 
—450 1-31 1'01 0-90 1•30 1-46 090 
Further evidence for the ammonium ion as a well-defined stable entity in ammonia 
is given. by Jolly 10 who has shown thision to be 18 kcal./mole more stable than the hydrogen 
ion in water at 25°. More recently, Kruh and Petz "obtained a radial distibution function 
for ammonia: molecules within liquid ammonia from X-ray diffraction studies at - 74°, 
which shows each NH 3 molecule to have about seven nearest neighbours at about 4-i A. 
This indicates a break-up of the slightly distorted cubic close-packed arrangement found 
in solid ammonia,12 and with N-N listances of 3-6 A only very weak hydrogen--bonds are 
to be expected within the liquid. Furthermore, from the large and almost linear change  in 
density 7 over the whole of the solvent range, a regular break-up of the close-packed 
arrangement is inferred. In contrast to this, Morgan and Warren' 3 found a rad4al  disti-
bution function in water between 00  and 80° which indicated 4-4 4-8 nearest neighbours 
at 2-9 A, and a further set of next nearest neighbours at about 4:5 A, up to about 30°. 
An 0-0 internuclear distance of about 3-5 A is required for a close-packed arran .gement, 
and it is inferred that the much better defined strongly hydrogen-bonded structure like 
that of ice exists within the solvent. 
TABLE 5 
Ratios of limiting ion conductances (A°) in aqueous solutions * 
Temp. 	 Na+/H+ 	Li/H+ 	K+/Na+ 	K/Li 	Li+/Na+ 
00 0181 	0-118 0086 1.54 2-10 0732 
25 	0210 0-143 	0-110 	147 	1-91 	,0770 
100 0•309 	0230 0183 135 1-70 0-793 
R. A. Robinson and R. H. Stokes, "Electrolyte Solutions." Butterworths, London. 1959, 
appendix 6.2. 
It must therefore be concluded that the transport mechanism of the hydrogen ion in 
liquid ammonia is predominantly that of the normal mobility contribution corresponding 
to .the diffusion of the ion and its associated solvation sphere through the solvent. 
The 	order of ionic mobilities in liquid ammonia is KI > Na 	NH4t > Lit, and in 
water is K' z NH 4 > Na > Li. The differences between ionic conductances in liquid 
ammonia and in water can best be seen by comparing the ratios (As0+° - 
and .(AK-° - A a ° )/ AN o +' ° . These are 010 and 0-23, and 0-30 and 0-47. at —65° and 25°, 
respectively, indicating that with reference to the Na ion there are greater diffrences be-
.tween the mobilities of K and Li ions in water than in liquid ammonia. Thus, the effec-
tive solvated ionic radii have smaller differences relative to each other in liquid ammonia 
than in water, and there is a smaller change in the degree of solvation in passing through 
the series. 
The ions Li, Na, and NH 4 'all form fairly stable uni-univalent ammoniated salts in 
the liquid-ammonia temperature range. This indicates strong co-ordination by ammonia 
molecules to the cation in all cases except K ion. A well-defined primary solvation sphere 
around the cation is inferred, but the tendency of ions to arrange the solvent molecules 
into a secondary solvation sphere is likely to be much less in ammonia with its weaker 
hydrogen-bonding ability. It is therefore most probable that the ion conductances and 
ion mobilities observed in liquid ammonia correspond much more nearly to those of a 
primary solvation sphere than is the case with water. 
From Table 4 it is seen that there is constancy over the temperature range studied in 
the ratios AN,+°/A.I.°, AI.if°/ANw+°, and Au+°/ANO +° , but inconstancy in the ratios 
AK+°/A 4+° . AK+ °/ANS+°, and AKI°/ALII. ° . Only in the cases of the ratios involving the 
K ion, the largest of the alkali-metal ions studied, and in which the tendency for co-ordin-
ation of ammonia molecules into the solvation sphere is least, is there inconstancy in the 
ion conductance ratios over the temperature range. A greater increase in ion conductance 
of the K ion with respect to the Na ion occurs as the temperature decreases. This 
represents either a small increase in the effective solvated ionic radius of the Na ion with 
respect to the K ion, or a small decrease in the effective ionic radius of the K' ion with 
respect to the Na ion as the temperature decreases. This must be taken to represent a 
reduced influence by the K + ion on the solvent molecules in its solvation spheres compared 
with the influences exerted by the Li', Na, and NH 4 ions. 
The great difference found between the NH 4 1  ion in water and liquid ammonia is its 
much greater degree of solvation relative to other ions. 
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Activity Coefficients of Ions in Ammonium Nitrate Solutions in Liquid 
Ammonia from a Concentration Cell containing Hydrogen Electrodes 
By J. BALDWIN and J. B. GILL't 
(School of Chemistry, University of Leeds, Leeds 2) 
PREVIOUS reports1  have left some doubt concerning 
the validity of the hydrogen electrode in solutions 
in liquid ammonia. 
Experiments to obtain activity data for ammon-
ium nitrate solutions in liquid ammonia have been 
carried out, in which a concentration ceU with 
transference has been used. This cell was set up 
as follows, 
Pt,H, I NH4NO, (m 1) NH4NO,(m,) I H,,Pt 
in liq. NH 3 
where in 1 and m 2  were the molalities of the two 
l0'm 	4•0 	5.0 	70 	110 
0394 0386 0346 0297 
solutions, and in 1 was fixed at 10 x 10' molal, 
whilst in, was varied. The cell contained four 
hydrogen electrodes, two in each half-cell. 
After an initial stabilisation period (the lower 
the value of in, the longer was this period), the  
four electrodes gave reproducible potentials steady 
to within 03 my at —400°. When the hydrogen 
gas supply to the electrodes was interrupted the 
e.m.f. of the cell changed ithiediately. Renewal 
of the supply produced a rapid return of the e.m.f. 
to its original value. 
By use of the transference data for nitrate ions 
in aminonium nitrate solutions in liquid ammonia. 1 
the mean molal activity coefficients, y.  for the 
ions in these solutions have been calculated. 
Smoothed values are given for solutions in the 
range 20 x 10 to 400 x 10' molal. 
15'0 	200 	26'0 	320 	400 
0264 0237 0214 0197 0181 
These results are consistent with the values of 
the activity coefficients calculated from the 
Debye-Huckel formula if an 4 value of 23 A 
is used. 
(Received. October 10th, 1968; Corn. 1386.) 
t Reprints not available. 
'V. A. Pleskov and A. M. Monoszan, J. Phys. Chem. U.S.S.R., 1933. 4, 696; M. Charret. Compi. rend., 1956, 242, 
521; Bull. Soc. chim., France, 1956, 800: M. Herlem. ibid., 1967, 1687. 
* J. B. Gill, J. Chem. Soc., 1985, 5730. 
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Solutions of Electrolytes in Liquid Ammonia. Part II.' The Mean Molal 
Ion Activity Coefficients in Ammoniurn Nitrate Solutions at -40 °C 
By J. Baldwin and J. B. Gill,' Department of Inorganic Chemistry, University of Leeds, Leeds LS2 9JT 
The mean molal activity coefficients in solutions of ammonium nitrate in liquid ammonia have been determined at 
-40 C by the use of a concentration cell with transference which contained hydrogen electrodes. The activity 
coefficient decreases very rapidly with increasing concentrations so that in 001 molal solution it is 0265. Above 
this value it continues to decrease but much less markedly. 
The shape of the plot of molality against activity coefficient is similar to that obtained by Monosran and Pleskov 
but the activity coefficients obtained are markedly lower. The deviation of the system from the Debye-HUckeI 
theory is discussed. 
RELaTIVELY few reports of the use of galvanic cells for 
the determination of electrode potentials and the 
activity coefficients of ions in liquid ammonia solution 
have been made. Some activity data have, however, 
been reported for ammonium nitrate solutions by 
Monoszan and Pleskov' along with which they reported 
the use of hydjogen-on-platinum electrodes at —50 °C 
in the cell (I). Much later a paper by Cuilleron and 
HPtNH4NO1 (c 1) Satd. KCI 1. NH,NO, O'I N) Pt-H1 (1) I 
	(am) 	(am) 	(am) 
Charrett 3  reported their failure to obtain stable e.m.f. 
values from hydrogen-on-platinum electrodes in the 
similar cell (II). They claimed that hydrogen does not 
H1-PtNH 1N01 (c 1) 	c. KN01 : NH4NO, (c1) Pt-H1 (II) I 
	(sin) 	(am) 	(am) 
absorb sufficiently well on platinum at —50 °C, equilib- 
rium is not attained, and the electrode process cannot 
Part I. j.  B. Gill. J. C/tern. Soc.. 1965. 5730. 
$ A. Monoszan and V. Pleskov, J. Phys. C/tern. U.S.S.R.. 
1935. 8. 513. 
$ J. Coilleron and M. Charret. B.aU. Soc. c/tim. France, 1956. 
800: Cemp& rend.. 1966. 242. 521. 
K. Frederthagen, Z.. p/rys. C/tern. 1928, 135, 41.  
function efficiently. This failure was later attributed 
by Pleskov to the failure to operate the electrodes for a 
sufficiently long period of time to enable a reversible 
equilibrium at the electrode surface to be set up. 
Other workers 4' 5 who have reported their attempts 
to set up satisfactory hydrogen-on-platinum electrodes 
met with little success until Herlem a al.6. 7  recently 
described their use in aroperotnetric titrations to deter -
mine the dissociation constants of a range of acids in 
liquid ammonia. Concurrently with the present work 
Renaud 5 has used hydrogen electrodes in a cell con-
taining aromonium chloride and potassium amide in 
liquid ammonia to determine the ionic product of the 
solvent over a wide range of temperatures. 
The principal obstacle in setting up an electrode 
potential scale for liquid ammonia is this hydrogep 
electrode problem. At the outset of this work it still 
remained to be verified that stable and reproducible 
e.m.f.'s could be established from a cell containing 
M. Elliot and D.M. Yost. J. Amer. C/tern. Soc.. 1934, 58, 
1057. 
Hertem. BirU. Soc. c/rim. France. 1967. 1687. 
' J. Badoz-Laxnbling. M. Herlern. A. Threbault. A noiyl. 
Letters, 1969. 2. 35. 
Renaud, Canad. J. Chern.. 1969. 47. 4702. 
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ammonium salt solutions in liquid ammonia and hydro-
gen-on-platinum electrodes. 
Precise cation transference numbers for ainmonium 
nitrate solutions in liquid ammonia over a range of 
temperature are in Part I.' and the work reported in 
this paper was primarily undertaken to attempt to 
resolve the hydrogen electrode problem by use of the 
concentration cell with transference (III) and at the same 
H,-PtNH4NO, (m,) 	NH4NO, (in,) Pt-H, (III) I 	
(am) 	 (am) 
time to produce the mean molal ionic activity data for 
the solutions. There is the clear advantage in the use 
of this cell over all other cells previously used in work 
involving liquid ammonia solutions that no liquid-
liquid junction has to be accounted for in the assessment 
of the results. 
The other main advantage deriving from the use of a 
concentration cell with transference is a practical one. 
In cell (III) there is only one liquid-liquid junction and 
in the absence of electrodes reversible to anionic species 
it is necessary to set up a cell with at least two liquid-
liquid junctions. Thus the use of only one liquid-liquid 
junction greatly eases the practical problems involved 
in setting up a cell in an air-free medium and increases 
the probability of obtaining accurate results. 
EXPERIMENTAL 
A full description of the apparatus and its operation will 
be presented in a later paper' which will discuss in 
particular the operation of hydrogen electrodes in liquid 
ammonia solutions. 
Pure dry ammonia was obtained by distilling and con-
denting ammonia vapour in a storage cylinder which 
contained sodium amide (ca. 50 g) into which • pure an-
hydrous liquid ammonia • had previously been distilled. 
The liquid ammonia was then transferred pneumatically 
from the condenser to the cell. 
AnalaR ammonium nitrate was recrystallised three times 
from water and dried in uacuo at room temperature to 
constant weight. 
The cell was arranged so that the electrode compartments 
each contained two hydrogen electrodes. Solutions were 
prepared in absence of air in situ in the cell by the crushing 
of ampoules under the liquid. With this experimental 
technique the lower limit of concentration which could be 
studied with accuracy was restricted to ca. 5 x 10-' molal. 
The highest concentration obtainable (ca. 0-2 molal) was 
governed by the physical dimensions of the spherical 
ampoules (5-6 mm diarn.). 
One of the solutions in one of the electrode compartments 
was held at an almost constant concentration of 10' 
inolal. In the other compartment the concentration was 
varied by the addition of a series of sealed ampoules each of 
which contained a previously arranged weight of ammonium 
nitrate. 
The four e.m.f. values obtainable across the cell were 
measured against a calilrated Weston standard cell 
(Muirhead. Type D-402-A, e.m.f. = 10185' V at 21 C) 
by use of a Cambndge Vernier Potentiometer. The small 
• J. Baldwin, J. B. Gill, and A. Prescott, J. Inorg. Nucjea, 
Chen,., 1971, in the press. 
differences in potential across electrodes within the same 
electrode compartment were also measured as a further 
check upon the reliability of the electrodes. These were 
always found to be within 02 mV. After the start of an 
experiment e.m.f. values were accepted when they had 
remained steady to within ±0-1 mV for Ca. I h. This 
level of stability was usually achieved some 4-6 h alter 
the gas supply had been turned on to the hydrogen elec-
trodes. Once an electrode had become reversible and 
stable a change in the concentration brought about an 
almost immediate change in e.ntf. which settled to a new 
stable value within 5-10 mm. 
The temperature of the cell assembly and pre-saturator 
was maintained at —40 ± 01 C. 
Hydrogen Electrodes.—These were made of small baskets 
of platinum gauze mounted into the ends of soda-glass tubes. 
They were prepared in aqueous solution by a modification. 
of the procedure recommended by Hills and Ives 10 and 
dried in vacuo at room temperature within the cell before 
the solutions were prepared. 
Hydrogen gas purified according to the method de-
scribed by Hills and Ives ' was passed through a pre-
saturator containing liquid ammonia at the same tempera-
ture and pressure as the solution in the cell. Small varia-
tions in volumes of the solutions in the electrode compart-
ments which resulted from the evaporation or condensation 
of ammonia vapour from the hydrogen gas stream were 
unavoidable and were recorded throughout the experiments 
in order to apply the necessary corrections. 
Coryeciion of E.m.f. Values to corn pensate for Inconstanj 
Concentragions.—The desired mode of operation of the cell 
requires that the concentration in one compartment (in,) 
must be kept constant at 10-' molal. Practically this 
proved to be impossible and during a long time the con-
centration would change by a few per cent. from this value 
despite the use of the pre-saturator. In the short time it 
took for the measurement of e.m.f. the changes in con-
centration of the solutions in the cell compartments were 
undetectable. Thus the value of the concentration (in,) 
caused no concern as the volume in this cell compartment 
did not change significantly between concentration changes. 
During a complete experimental run, however, hydrogen 
might be passed for up to 36 h and once the experiment had 
started it was impracticable to adjust for changes in con-
centration by evaporation or addition of ammonia to the 
cell. Thus, during operation, the concentration (in,) was 
found to vary by a small but significant amount. 
To allow for this, a correction was made to the recorded 
e.m.f. to adjust it to the value it would have been expected 
to have had if the concentration (m,) had remained exactly 
constant at 10-' molal, as follows. If the concentration 
in1' is very nearly equal to in, = 0-01 molal then the cor-
responding anion transference numbers, 11 and 4',  may 
be regarded as equal and the e.m.f. of the cell can be repte-
sented by equation (I), where A = (2'303RTIJfl, and 
E = A log (mjy,/in1 'y,') 	 (1) 
y's are the respective mean molal activity coefficients 
therefore we obtain equation (2). The situation arising in 
EOb, = A log (rnjy,/y,') - A log in,' 	(2) 
1 G. J. Hills and D. J. G. Ives, Reference Electrodes,' eds. 
D. J. G. Lye, and J. Janz. Academic Press, New York. 1961, p.93. 
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the experiment is described by (2) but the desired situation 
is described by (3). Subtraction of (3) from (2). with the 
assumption that y'/y, 1 leads to equation (4) and so to 
equation (5). 
	
Eocrr = A log (m2yJy1 ') - A log 0-01 	(3) 
E—E=A(-2—logm 1') 	(4) 
Ean 	(5) 
All the e.m.f. values used in the calculation of activity 
data were obtained by the application of equation (5) to 
the averaged values of the four e.m.f.'s measured for each 
concentration. 
The validity of this e.m.f. correction depends entirely on 
the assumption that the activity coecient ratio Yj'/yi = 1 
holds over the concentration ranges over which the correc-
tioni are applied. This assumption can be justified as 
follows. If the case of the widest deviation in concentration 
from 10-' is considered, namely, where in1' = 093 x 10-' 
molal, equation (5) requires an e.m.f. correction of 0-84 mV. 
When the condition that yi'/yi = 1 is removed and the 
values of y and y'  obtained from this work are used in 
conjunction with equation (3), it is found that an e.m.f. 
correction of 065 mV is required. The small error of 
019 mY is of the same order of magnitude as the limits of 
stability of the electrodes; moreoever, these figures have 
been calculated for the largest deviation in concentration 
from 10-' molal and we feel that itis in order to make the 
e.m.f. corrections according to equation (5). This small 
error in the e.m.f. corrections could, if required, be com-
pletely eliminated by successive approximations by use of 
the y  values obtained in these experiments with equation 
(3). 
CALCULATIONS, RESULTS, AND DISCUSSION 
By the use of the fairly precise cation transference 
data available for ammonium nitrate solutions in 
liquid ammonia 1 it is possible to obtain ion activity 
data for these solutions from cell (III) by a method 
similar to that described by Covington and Prue." 
It is immediately obvious that the molarity scale of 
concentration is of little value when dealing with 
liquid ammonia solutions. The density of liquid 
ammonia at —40 °C is 06900 g ml' and this changes 
linearly 13 and markedly with temperature (unlike the 
density of water). Therefore, by use of the rnolality 
scale, comparisons of data for electrolyte solutions in 
liquid ammonia with those in other solvents will be made 
much easier. 
The e.m.f. of cell (III) is given by equation (8) where 
E = 2RTIFJ't14 d In a = 2RT/FrSJ d In (my) (6) 
£ is the nitrate ion transference number andy is the mean 
molal ion activity coefficient at molality in. 
In the cell the concentration in1 was held as nearly 
constant as possible whilst the concentration in3 was 
1 A. Covington and J. E. Pruc, J. Chern. Soc., 1935. 4701. 
' C. S. Cragoe and D. E. Harper, J. Amer. Chem. Soc., 1920, 
varied. Thus the anion transference number 4 (cor-
responding to in,) may be referred to the constant anion 
transference number 4 (corresponding to in1) by 4 = 4± W. On introduction of this into (6), integration, 
and rearrangement, equation (6) becomes (7). 
log (y/y) = EF14-606RT4 - log (rn.Jm1) - 
d log in - 1/4J"Ai d logy 	(7) 
The first two terms on the R.H.S. of equation (7) are 
directly obtainable from the experimental information. 
The third term requires the graphical integration of the 
plot of values of A t against log in. Values of 4, which 
equals 4 - W. for ammonium nitrate in liquid ammonia 
at —40 °C are given in Table I for some molalities. These 
were obtained from the data in Part I'assuming that 
the transference numbers at the temperature —40 °C 
would follow a similar linear plot with molarity to those 
at —65, —55, and —45 °C and are based upon an 
interpolated value of 4 = 0-5842 for the molal concen-
tration in1 = 10. 
The fourth term on the R.H.S. of equation (7) provides 
an exceedingly small but significant contribution 
especially for those values of in, which vaiy substantially 
from in1. This term can be determined by calculating 
a complete series of approximate results for y by use of 
the first three terms of equation (7) with a subsequent 
graphical integration of the plot of logy against Sf 
within the limits defined by the values of in1 and ,n2 . 
The values of E obtained by the use of equation (5) 
for all the concentrations studied are shown in Table 1. 
These cmi. values together with the value 4 = 05842, 
were used to compute the values of the components of 
equation (7). 
The results in Table 1 were collected from a series of 
different experimental runs. Although shown in the 
Table in ascending values of in, these were arranged 
experimentally so that the concentration range in any 
one experiment overlapped that in the next. These 
e.m.f. data when plotted against any suitable function 
of in, give a smooth curve from which none of the 36 
points deviates significantly; moreover, each section of 
curve obtained from each experimental run continues 
smoothly into the next section. At the point where 
= in3  the curve passes exactly through the value 
E =0 providing a high degree of confidence in the 
results. 
Extrapolation of the values of log (iSv1) to zero 
concentration (in, = 0; y, 1) provided the value of 
logy1. This was best achieved with the plot of the. 
function log (vJy1) against 4'rn 2  which fortuitously 
gave a linear plot over the whole range of 36 points. 
The best straight line, when fitted by a least-squares 
computer programme, gave log Yi = —0-584 (standard 
error 0002) and y = 0-261 ± 0001. The slope of this 
line was —1-859 ± 00015. 
Using this value of logy1 we calculated all the values 
of log y, corresponding to the values of m 2 (Table 1). 
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From these results smoothed values of y for various 
values of m are presented in Table 2. 
In an earlier communication 1' it was reported that 
the Debye-Htickel theory appeared to operate for 
ammonium nitrate solutions in liquid ammonia in 
part of the concentration range covered by this paper. 
HUckel equation htted the experimental data this 
graph would have been a straight line with zero slope. 
This was not the case as is seen in Figere I. This 
curve and the values of log V  listed in Table 1 were 
obtained by the use of a value of d = 2-98 x 10' cm. 
This provided the minimum spread in the values of 
TABLE 1 
E.m.f. corrections to account for variations in concentration m1, values of the various components of equation (7) 
resultant logy, values, and log ys  values computed from the Debye-HUckel equation 
1O'rn, lO*m, L log (yJyj) -log,, -log v,• 
0.9794 0-1026 -0-03600 -0-03626 0-5836 0.3179 0.2044 0-2851 
0-9893 0-1427 -0-03260 -0-03273 - 0-2394 0-2827 0-3059 
0-9786 0.1892 -0-02743 -0-02768 - 0.2105 0-3118 0-3262 
0-9983 0-1915 -0-02780 -0-02782 0-5837 0-2028 0-3195 0-3271 
1-0036 0-2348 -0-02390 -0-02386 - 0-1877 0-3346 0-3435 
1-0018 0-2871 -0-02020 -0-02011 - 0-1697 0-3536 0-3611 
1-0136 0-3659 -0-01681 -0-01664 - 0-1407 0-3816 0-3814 
0-9786 0-4357 -0-01289 -0-01315 0-5839 0-1175 0-4048 0-4024 
1-0199 04441 -0-01310 -0-01287 - 01144 0-4079 0-4045 
1-0262 0-5712 -0-00930 -0-00900 - 0-0767 0-4466 0-4332 
0-9860 0-6310 -0-00683 -0-00100 - 0-0705 0-4518 0-4453 
1-0306 0-7197 -0-00580 -0.00645 - 0-0421 0-4802 0-4620 
0-9959 0-8601 -0-00208 -0-00213 0-5841 0-0261 0-4962 0-4860 
0-9982 1-2846 +0-00407 +0-00405 - -00338 0-5561 0-5457 
0-9982 1-5118 +0-00627 +0-00625 0.5844 -0-0639 0-5862 0-5725 
1-0044 1-7449 +0-00812 +0-00817 - -00906 0-6119 0-5971 
09566 1-8376 +0.00920 +0-00868 - -0-1037 0-6260 0-6063 
1-0131 1-9639 +0-00964 +0-00979 - -01119 0-6312 06183 
0-9311 2-0018 +0-01133 +0-01049 0-5845 -0-1074 0-6297 0-6218 
1-0179 2-1834 +0-01114 +0-01135 - -01293 0-6517 0-6378 
0-9345 2-2346 +0-01256 +0-01 177 - -01316 0-6539 0-6422 
0-9405 24529 +0-01417 +0-01345 - -0-1409 0-6632 0-6601 
0-9444 2-6663 +0-01530 +0-01462 - -0-1555 0-6778 0-6764 
0-9663 2-7059 +0-01480 +0-01440 - -0-1661 0-6884 0-6794 
0-9484 2-8800 +0-01636 +0-01573 0-5848 -0-1685 0-6908 06919 
0-9520 3-0960 +0-01717 +0-01659 - -0-1842 0-7065 0-7067 
0-9678 3-7423 +0-01972 -4-0-01921 - -0-2180 0-7403 0-7468 
0-9762 3-9523 +0-01975 +0-01947 - -02370 0-7593 0-7487 
0-9616 4-3905 +0-02099 +0.02053 0-5852 -0-2631 0-7854 0.7821 
0-9963 6-8637 +0.02480 +0-02476 - -0-3108 0-8331 0-8941 
0.9509 7-9102 +0-02620 +0.02561 0-5860 -0-4253 0-9496 09225 
0-9548 10-067 +0-03035 +0.02981 - -0-4526 0-9749 0-9841 
0-9601 13-843 +0-03335 +0-03287 - -0-5347 1-0570 1-0689 
0-9548 18-290 +0-03625 +003583 - -0-6016 1-1238 1-1452 
0-9703 21-649 +0-03780 +0-03745 - -0-6451 1-1674 1-1920 
0-9803 25-043 +0-03718 +0-03694 05885 -0-7177 1-2400 1-2325 
As a result of further work in which many more results 
have been obtained, this statement must now be refuted. 
A thorough test of the applicability of the extended 
form of the Debye-Huckel equation, -logf= 
Azz/p/(l + Bdi/a), wheref is the mean rational ion 
activity coefficient, A = 4-930, B = 0-7366, and s is 
the conventional ionic strength term, was carried out by 
use of the value 22-1 for the dielectric constant Is of 
liquid ammonia at -40 'C. From this, values of the 
mean molai ionic activity coefficients, log were 
calculated for each of the concentrations, no w studied. 
Values of the d parameter ranging from 2 to 4 x 10-' 
cm in intervals of 0-02 x 10-' cm were tried. 
Originally it had been the intention to use the d value 
which provided the best extrapolation from the plot of 
- (log (vJv) - log ye') against m, for had the Debye- 
-(log (y,/y) - log ye'] and the nearest fit of the 
observed activity coefficients to those calculated from 
TABLE 2 
Smoothed and rounded values for the mean molal ion 
activity coefficients in ammonium nitrate solutions in 
liquid ammonia 
Concenbation Mean molal ion acti'i-ity 










"J. Baldwin andJ. B. Gill, C/tern. Comm.. 1068, 1537. 	the Debye-Huckel equation which was possible. Van- 
2. 24. 
1$ J. Baldwin and - B. Gill. PAys. and C/tern. of LiqiuL,. 1970. 




J. Chem. Soc. (A), 1971 
cm gave very small deviations in the resultant curve 
from that shown in Figure 1. 
At the time of our earlier communication, e.m.f. 
values for cell (II) had been obtained only for a much 
more limited concentration range from 5 to 20 x 10 
e5' 
	
0•50 I 	I 
U 02 	 0.4 
FIGURE 1 Plot to show the deviation of the results from those 
obtained by calculation from the Debye-.Htickel equation. 
The broken line is theoretical, the full line experimental 
molal. Within this range the plot of —[log (y,Jy) - 
log y] against m1 was almost horizontal and linear for a 
value of d = 2'3 x 10 cm. On extrapolation this 
gave log Yj = —0'512 (y = 0.308) at m1 = 10-1 molal 
which accounts for the difference between the results 
for y quoted here and those previously reported. The 
horizontal slope of the graph obtained previously was a 
purely chance result in that the earlier concentrations 
covered accidentally occur at the minimum of the graph 
shown in Figure 1. 
It is now apparent that this curve moves to a much 
steeper negative gradient at low concentrations and 
inspection shows that extrapolation to ne2 = 0 will 
produce a value of logy1 which lies between —0'58 and 
—0'59. This is in good agreement with the result 
given by the extrapolation procedure described above. 
The curve in Figure 1 is, however, far too steep to allow 
it to be used for a satisfactory extrapolation to zero 
concentration. 
One important point which emerges is that the steep 
negative limiting slope of Figure 1 indicates a large 
divergence from the Debye-HQckel limiting law. If 
the plots of log v against i/rn1 and log y,  against /ni1 
are compared the former has the steeper slope at low 
concentrations than the latter but approaches it in the 
concentration range 2-5 x 10.1  molal and crosses it 
twice in the region of 3 x 10-2 molal. This explains the 
good fit between calculated and observed activity 
coefficients in this region. When compared with the 
Debye-Huckel limiting law the slope of the graph of 
log ys against i,/rn1 has a much more negative gradient 
at low concentrations but the curve crosses the limiting 
law line in the region of 4'5 x 10 molal. Similar 
11 V. K. LaMer and W. G. Parks, J. Amer. diem. Soc.. 1931, 
53, 2040. 
" J. Keilland, J. Amer. CAt,,,. Soc., 1936, 53, 1855.  
activity coefficient-concentration relationships are ex-
hibited by the data for aqueous zinc and cadmium sul-
phate solutions'5"7 and the explanation of this is known 
to lie in the phenomenon of ion.pairing.ts 
It may be useful to speculate upon the reasons for the 
shape of the curve in Figure 1. The broken horizontal 
line would be the expected line if the Debye-Huckel 
equation held for these solutions. Thus the curve 
obtained is a measure of the deviation of arnmonium 
nitrate solutions in liquid ammonia from this theory. 
A likely explanation would be provided by the formation 
of ion pairs in the region designated by A and the 
formation of ion triplets or higher associated species in 
the region designated B. If this explanation is correct 
then this curve gives a guide to the concentrations at 
which these phenomena become predominant. 
Figure 2 compares our results for the mean molal ion 
activity coefficients with those reported by Monoszan 
and Pleskov.' The shapes of the curves for the two sets 
of results are very similar but there is a lateral displace-
ment towards much lower activity coefficients in our 
results. With the information available there seems to 
be no satisfactory explanation for these differences. 
Monoszan and Pleskov did measurements at a tem-
perature of —50 °C. The temperature difference (10 C 
degrees) could hardly be expected to produce such a 
dramatic effect for the cell would be required to have a 
temperature coefficient of about 7 mV K'. Hitherto 
we have been unable to study the temperature coefficient 
of our cell for no satisfactory lubricant for the tap at the 
liquid-liquid junction is available for temperatures 
below —40 °C and at higher temperatures a survey is 
seriously limited by the b.p. of liquid ammonia. The 
Russians' ceU contained two liquid-liquid junctions. 
The potentials between dilute ainmonium nitrate and 
saturated potassium nitrate solutions would, however, be 




molality I lO - 
FIGuRz 2 Mean rnolal activity coefficient for ammonium nitrate 
in liquid ammonia solution against molal concentration. The 
full line is from the present work, and the broken line from 
Monoszan and Pleskov 
Calculations show that the resultant junction potential 
contribution would have to be about 70 mV to account 
for the discrepancy in the results. Calculations with 
li C. W. Davies, 'Ion Association, Butterworths, London, 
1962, cli. 3. 
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use of the Henderson equation "indicate small potentials 
to be likely at these junctions, thus the discrepancy 
cannot be accounted for in this manner. 
The over-riding factors in favour of the results pre-
sented in this paper are the consistency and reproduc-
ibility of e.m.f.'s from the four electrodes in the cell and  
the production of an exactly zero e.m.f. for the cell in 
which the concentrations in1 and in2 are equal. The cell 
also represents the first example of the use of hydrogen 
electrodes in a galvanic cell containing salt solutions in 
liquid ammonia from which results of high precision 
have been established. 
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ELECTROLYTE SOLUTIONS IN LIQUID 
AMMONIA- 111* 
THE USE OF HYDROGEN ELECTRODES 
J. BALDWIN, J. B. GILL and ANN.PRESCOTT 
Department of Inorganic and Structural Chemistry, The University. Leeds LS2 9JT, England 
(Received 23 October 1970) 
Abstract—An apparatus is described with which it is possible to operate hydrogen gas electrodes on 
platinum in ammonium salt solutions in liquid ammonia. These electrodes have been shown to be 
reversible and to give stable. reproducible and accurate e.m.f.s at —40°C over prolonged periods of 
time after an initial settling down period of 4-6 hr. The work proves conclusively that it will be possible 
to use hydrogen-on-platinum half-cells as primary standards for electrode potentials in liquid ammonia. 
E.M.F. data for the concentration cell with transference. Pt/H 2INH 4NO3(m 1 )INH 4NO3(ms)lPt/Hs 
in liquid ammonia. are given. From these data it is possible to assess the ammonium ion activities and 
concentrations over a wide range of concentrations of ammonium nitrate. 
The free energies of dilutions of ammonium nitrate in liquid ammonia from 10_2  molal to several 
other concentrations are given. 
INTRODUCTION 
DURING the early part of this century the results of a large volume of research 
into electrolyte solutions in liquid ammonia were published. One important matter 
in this field on which there has remained considerable doubt up to the present 
time has been the ability of hydrogen-on-platinum electrodes to function efficiently 
and reversibly with respect to the hydrogen ion concentration. 
Early work by Fredenhagen[l] was disputed by Zinti and Neumayr[2] who, 
in turn, suggested that the failure of their own hydrogen electrodes was probably 
due to poisoning of the platinum surface by mercury vapour in the apparatus. 
As a possible alternative hydrogen ion responsive electrode system they investi-
gated the quinhydrone electrode. In spite of the possibility of reaction between 
quinone and ammonia this was found to give constant and reproducible e.m.f.'s 
in the cell 
Ptquinhydrone/N HCl(c 1 )uinhydrone/N HCI(c2 )I Pt. 	(1) 
(am) 	 (am) 
Within the limitations of reactivity the quinhydrone system might potentially be 
still of considerable use with liquid ammonia solutions since it does not need a gas 
supply and is independent of the barometric pressure, both of which are in-
conveniences in a system which must be operated in a closed glass apparatus. 
°Part II: J. Baldwin andi. B. Gill.J. client. Soc. A ( l9ll). 
I. K. Fredenhagen. Z. pliys. Chem. 134. 41(1928). 
2. E. Zinti and S. Neumayr. Chem. Ber. 63K. 237 (1930). 
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In the 1930's Pleskov and Monoszan[3] published electrode potential data 
for a series of elements. In this work they chose to refer their data to the standard 
half-cell (E = 00V) Pb/PbNO3(0 IN am). About the same time they also 
investigated the concentration cell without transference [4] 
H2/PtIN H 4 NO3(c 1 ) sat.KNO3(am)! NH 4 NO3(c2 )l Pt/H 2 	(2) 
(am) 	 (am) 
which contained two hydrogen-on-platinum electrodes. This cell was used to 
obtain activity data for ammonium nitrate solutions and in only one instance was 
the use of a hydrogen half-cell in conjunction with another half-cell, Pb/PbNO3 
(OIN), reported. 
Immediately prior to the Russian's work Elliot and Yost[5] reported their 
attempts to use a hydrogen electrode in the cell 
	
H21 N H 4Cl(am)TICl(sat.am)Tl/Hg. 	 (3) 
This, at 25°, gave an e.m.f. (about 042 V) which did not remain constant. The fact 
that they obtained reproducible and reversible e.m.f.'s from a cell in which the 
half-cell T1JHgTlCl(am) was coupled with the half-cell Zn(amalgam)/ZnCl 2 • 
IONH3(s)JNH 4CI(am) suggests that the hydrogen electrode in cell III was not 
functioning efficiently. 
Many years later Cuilleron and Charret[6] carried out an investigation of 
the cell 
H2/PtIN H4NO3(c1)Iconc.KNO3IN H 4 NO3(c2 )I Pt/H 2 	(4) 
(am) 	(am) 	(am) 
in which they found that their cell, unlike that of the earlier workers[3J, failed to 
provide stable and reproducible e.m.f.'s. They attributed this failure to a lack of 
absorption of hydrogen on to a platinum black surface at —50°. In defence of 
their earlier work Pleskov claimed that these workers had not allowed their cell 
to equilibrate for a sufficiently long period of time. He claimed that a period of up 
to 24 hr may be needed for the electrodes to reach equilibrium but thereafter 
they should behave reversibly and reproducibly over long periods. 
Much more recently, and concurrently with our work, Herlem etal. [7, 81 have 
successfully used hydrogen electrodes as detector electrodes in a series of 
amperometric titrations concerned with the determination of the dissociation 
constants of some weak acids in liquid ammonia. Renaud[91 has also reported 
V. Pleskov and A. M. Monoszan, J. phys. Chem. USSR. 4. 676(1933). 
V. Pleskov and A. Monoszan.J. phvs. Chem. USSR. 6,513(1935). 
M. Elliot and D. M. Yost.J. Am. chem. Soc. 56,1057 (1934). 
J. Cuilleron and M. Charret. Bull. Soc. clii,n Fr. 800 (1956) Cf. h('bd. Séanc. Acad.Sej. Paris 
242. 521 (1956). 
M. Herlem, Bull. Soc. chin,. Fr. 1687(1967). 
J. Badoz-Lambling. M. Herlem and A. Threbault.A,zalvi. Len. 2. 35 (1969). 
M. Renaud. Can. J. Che,n. 47.4702 (1969). 
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the determination of the ionic product of ammonia over a range of temperatures 
by use of the cell 
H2/PtI N H 4Cl(am) KN H2(am)I Pt/H 2 	 (5) 
but unfortunately no information by which the performance or reliability of the 
hydrogen electrodes may be assessed is available in these reports. 
Further to our preliminary communication[lO] this paper describes more 
fully some of the work which we have undertaken from 1966 onwards in an 
attempt to resolve the question concerning the utility of hydrogen-on-platinum 
electrodes in liquid ammonia. It was hoped that, if hydrogen electrodes can be 
made to work reliably and efficiently they will not only provide a readily available 
means of determining hydrogen ion activities in liquid ammonia but will also 
become available for use as the conventional primary standard for the establish-
ment of an electrode potential scale for liquid ammonia. 
As a stringent test of the hydrogen electrode the concentration cell with 
transport, 
H2/PtJNH4X(m1 ) NH 4X(m)J Pt/H 2 	 (6) 
(am) 	(am) 
was set up in which X was nitrate ion or iodide ion and m is the concentration in 
molality. This cell possessed the advantages that it had no salt bridge and 
contained only one liquid—liquid junction in which it was unnecessary to account 
separately for a potential. Additionally the availability of precise transport data 
for the ions[1 1] in these solutions has allowed the calculation of fairly accurate 
activity data. These are reported elsewhere [12, 13]. 
EXPERIMENTAL 
A versatile gas-line system (Fig. I) was built between two large gas reservoirs to enable liquid 
ammonia to be condensed and transferred to and from the cell and saturator and also to allow the 
introduction of samples anaerobically. All liquid lines were constructed from thin-walled tubing 
(3 mm i.d.). The use of thin-walled unlagged glass tubing allowed the tubing to fall rapidly to the 
temperature of the liquid and the resulting ice layer deposited upon the surface formed a good in-
sulating layer permitting the efficient transfer of liquid. To minimise the vaporization of ammonia 
during transfer all lines were made as short as was practicable. 
Solutions were made up in situ in the cell compartments by crushing ampoules containing known 
weights of electrolyte under the surface of the liquid. 
All parts of the gas-lines were protected from excesses of pressure by means of blow-off valves 
which consisted of lengths (about 100 cm) of 6 mm.bore tubing which dipped 5cm into pools of mercury. 
The cell, shown in Fig. 2, consisted of two compartments, each divided into an upper and a lower 
section by a wide-bore stopcock. The lower sections of these two compartments (each about 130 ml 
capacity) were connected by a 2 mm-bore stopcock totally enclosed by means of an extension to the 
barrel and lubricated by a low softening-point silicone grease supplied by I.C.I. Nobel Division. 
Each compartment carried three interconnected inlet arms (2 shown in the diagram). One of these 
10. J. Baldwin and J. B. Gill, Chem. Comm. 1537 (1968). 
II. J. B. Gill,J. diem. Soc. 5730(1965). 
J. Baldwin and J. B. Gill. J. diem. Soc. A (1971). In publication. 
J. Baldwin, J. Evans and J. B. Gill,J. diem. Soc. A. To he published. 
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Fig. I. The gas line system. 
carried the ammonia inlet line while the other two carried removable hydrogen electrodes. The central 
neck of each compartment, down which ampoules could be introduced through the wide-bore stop-
cocks X and Y, was graduated at 02 ml intervals. 
The ampoule crusher consisted of a glass tube (9 mm o.d.) mounted within a rubber sleeve on 
an adapted B29 socket to fit the top of the cell. The lower end of this tube was blown into a bulb. In the 
side of this was a hole (I cm diameter) into which the ampoules could be slotted. At the base of the 
bulb was small spike and a drain hole. Inside the outer tube was fitted a plunger-tube (6 mm o.d.) 
which slid easily through a second rubber sleeve mounted on the top of the outer tube. The top of 
this plunger was sealed whilst the bottom end was left open to receive the neck of the ampoule and 
hold it in position until it was crushed on the spike. 
Ampoules were made by blowing narrow-bore tubing (I mm i.d.) into a bulb (6mm dia.; 500 mg). 
The weighed bulbs were filled with the required amount of salt, evacuated at 10 - ' cm Hg for 2 hr, 
and the necks sealed close to the bulb and weighed. Air corrections were made to the weights of the 
salt samples. 
With the stopcock X or W closed the ampoule crusher was mounted on to the upper section of the 
cell and the space evacuated. After adjustment of pressure above and below, the stopcock was 
opened; the ampoule could then be slid through into'the liquid ammonia and crushed. When the salt 
had dissolved the crushed ampoule was withdrawn to a position just above the surface of the liquid 
and allowed to drain. 
Hydrogen electrodes were made from soda glass by sealing a small basket of platinum gauze, on to 
which the terminal wire had been spot-welded, into the end of an extended B 10 soda glass cone. The 
terminal wire was brought out through a seal above the cone and hydrogen gas was introduced through 
a small side-arm. 
Preparation of the platinum surface was carried out by a modification of the procedure of Hills and 
Ivest 141. Between all experirnenis the electrodes were degreased and cleaned in nitric acid. In some 
cases the electrodes were also burned in ethanol and soaked in warm aqua regia. Immediately prior 
14. G.J. Hillsand D.J. G. lves.J. diem. Soc. 305 (195 I). 
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Fig. 2. The cell. 
to platinisation they were cleaned cathodically (30 min at a current density of 80 mA.cm ) in a cell 
containing 2N H 2SO4 . 
The active surface coating of platinum black was obtained by making each electrode individually 
the cathode of a cell which had platinum foil as anode and which contained 2% chlorplatinic acid as 
electrolyte. According to surface area each electrode was plated for 5-10 min at a current density of 
20 mA.cm , to give a dark grey surface deposit. Heavier deposits on electrodes were avoided for 
it was found that they failed to settle to a steady equilibrium potential but continued to cycle over a 
wide range of e.m.f. for prolonged periods. Tests on electrodes with lighter deposits have shown that 
while these electrodes appear to respond to the ammonium ion concentration they do not function as 
hydrogen gas electrodes. 
After platinisation the electrodes were washed gently in distilled water and carefully placed into 
the electrode seats of the cell. The cell was then evacuated at room temperature for about 30 min and 
finally the last traces of water were removed by several washings of liquid ammonia. 
The hydrogen purification system was similar to that suggested by Hills and Ives[ 151. High-purity 
hydrogen gas was passed through five main elements before being passed to the cell. These consisted 
of, (I) a tube packed with potassium hydroxide pellets. (2) a silica tube furnace at 200° packed with 
palladised asbestos. (3) a condenser consisting of an air-cooled spiral followed by two traps cooled in 
liquid nitrogen. (4) a sintered glass filter, and (5) a saturator situated adjacent to the cell in the coolant 
bath and filled with liquid ammonia. 
Where necessary joints were made with short lengths of rubber tubing which had been previously 
boiled in aqueous potassium hydroxide (10 176). well-washed and dried. 
The hydrogen saturator consisted of a glass tube (17 cm long. 3 cm diameter) fitted with a dip-pipe 
(4 mm diameter). The end of this vessel was indented in the manner of a Vigreux distillation column to 
ensure efficient mixing of gas and liquid. 
Coo/ant bath. The cell assembly and saturator were mounted in a coolant bath consisting of a large 
strip-silvered Dewar flask containing methanol. The bath was continuously stirred and temperatures 
of-40° were maintained by the addition of small pieces of Cardice at regular intervals. Temperatures 
IS. G. J. Hills and D. J. G. Ives. Reference Electrodes (Edited by D. J. G. lves and J. Janz). p. 93. 
Academic Press. New York (1961). 
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were maintained to within ±0'2° of —40° throughout the experiments, and were measured with a 
thermistor sensing device capable of detecting changes of0•02°. 
Ammonia was condensed by suitable adjustment of taps. H. I. A. B. R and V (Fig. I) with the 
condenser mounted in a methanol-solid CO 2 bath at —650. The cell and saturator were filled and 
emptied by the appropriate settings to taps B. C. F, P. R. S. T. Y. W, X and Z. (It was important to 
equalise the levels of liquid in the two cell compartments after filling to minimise diffusion effects 
through the tap Z.) 
Ampoules could be introduced by manipulation of taps W, X. D. E. 0. C. F. P. B, A with Z closed. 
Hydrogen gas was admitted to the system after purification at Y and passed to the electrodes through 
M and N. Adjustment of the gas flow rates and pressures was made at a set of screw valves in a 
manifold situated between M and the electrodes. Excess hydrogen gas was blown off to atmosphere 
through L and an oil-filled blow-off leg. For determination of concentrations the hydrogen flow could 
be diverted through K. The best flow rate was found to be about 5 bubbles a second through each 
electrode. 
E.M.F.'s were determined with Z open, using a Cambridge Vernier Potentiometer. They were 
recorded every few minutes until steady values were obtained. 
In the course of an experiment a small but significant amount of ammonia was found to condense 
from or to evaporate into the gas stream in spite of the use of the saturator. Concentrations were 
recorded, therefore, just before the addition of each ampoule and immediately after the measurement 
of the e.m.f. 
In one compartment of the cell the reference solution was prepared at 10-2 molal (m,). In the other 
compartment the concentration m2  was varied from about 10-3 to 2 x 101 molal in a series of experi- 
mental runs which were arranged so that the concentrations covered in one experiment overlapped 
those used in the next experimental run. 
Limits of concentration which could be studied were imposed by three conditions. Firstly, the 
lower limit was governed by the amount of ammonium nitrate which could be weighed accurately 
(about 1-2 mg) in an ampoule (500-600 mg). Secondly, the concentration range was limited by the 
amount of electrolyte which could be contained in an ampoule. Thirdly the cumulative errors intro- 
duced by successive additions of ampoules placed a limit of the number of ampoules which could be 
used in any one experiment. 
Dry ammonia gas was supplied to the apparatus from a storage cylinder which had been previously 
charged with sodium amide (about 60 g). This had been filled with ammonia by distillation from a 
cylinder containing "Pure Anhydrous Ammonia". Ammonium nitrate was prepared by the recrysl- 
isation (three times) of AR grade salt from water with subsequent drying in vacuo at room temperature 
to constant weight and storage over silica gel. 
DISCUSSION 
The cell which contained four hydrogen electrodes was arranged so that 4 
different e.m.f. recordings could be made for each concentration and an average 
value obtained. A correction was then made to these averaged values of e.m.f.'s 
by use of the equation [121 
E = Eave +A(2+log,) 
where A = 2'30RT,/F, and 1 is the known transference number[l I] at the con-
centration in. The concentration m should have been held at an exactly constant 
value of in, = 10_2 molal and the correction was made to take account of this. This 
concentration variation of,n from in, was never greater than 4 per cent. 
The electrodes in the cell usually took from 4-6 hr to settle to a steady 
potential. Figure 3 provides a typical pattern of e.m.f. variation which was ob-
tained during the period immediately after starting up the cell. This pattern is 
much the same as that found previously in their cell at 50 by Mànoszan and 
Pleskov[4J except that in our case the equilibration times were always very much 
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Fig. 3. Variation of cell e.m.f. with time during the settling period. 
shorter. The information from many of our own experiments and also of these 
previous workers suggests that this initial equilibration period is greatly tempera-
ture dependent. This supports the view that the failure of the cell used byCuilleron 
and Charret [6] was due entirely to these workers' failure to wait for the electrode 
systems to settle to equilibrium. 
Having achieved their equilibrium values the electrodes behaved in an 
extremely stable manner. An example is given in Table I of all the e.m.f.'s record-
ed across the 4 electrodes over a period of 11 hr. The zero time of this table 
is taken as that at which it was estimated that the electrodes had just settled 
to an equilibrium value. These data illustrate the constancy with which the e.m.f. 
was maintained by any one pair of electrodes. Inspection of the data suggest that 
after settling, any one pair of electrodes can be accepted as providing a constant 
e.m.f. to within 01 mV. With reference to the 4 sets of data it can be seen that 
it would be reasonable to quote an average value of e.m,f. to within 02 mV. In 
addition to the data shown in this Table the constancy of e.m.f.'s provided by the 
hydrogen electrodes was borne out over the whole series of experimental results 
quoted in this paper. 
After the initial settling period and constant e.m.f.'s had been established a 
Table I. E.M.F.'s across each set of electrodes after they were 
considered settled. Concentration (m7) was I 892 X 10 molal 
Time(min) E,(V) £2 £3 £4 
0 —0-02704 —0-02730 —0-02722 —002785 
15 —0-02710 —002723 —0-02725 —0-02771 
30 —0-02700 —0-02734 —0-02723 —0-02760 
45 —0-02704 —0-02733 —0-02721 —0-02760 
60 —0-02702 —0-02723 —0-02719 —0-02747 
75 —0-02704 —0-02723 —0-02718 —0-02747 
90 —0-02703 —0-02717 —0-02716 —0-02742 
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change in concentration in in2 caused an immediate response in the electrodes 
which always settled within 5 min to a new steady and constant e.m.f. The time 
taken to settle to the new e.m.f. value would appear to be the time of mixing the 
new solution. In the apparatus used this process must have been comparatively 
slow because no mechanical stirring had been arranged and the only assistance 
in mixing was provided by the bubbling of the hydrogen gas through the electrodes. 
It is essential that a reference electrode must be capable of survival after a 
reasonable degree of misuse, and a series of tests was carried out to assess 
electrode performance in this respect. 
After cutting off the hydrogen gas supply to any one electrode the e.m.f.'s 
of the two cells involving that electrode were found to rise rapidly to a high 
positive value. When this test was carried out at other concentrations the e.m.f. 
developed appeared to be dependent qualitatively upon the ammonium ion 
concentration. This matter deserves further attention on a quantitative basis. 
On resumption of the hydrogen supply to the electrode the e.m.f. rapidly returned 
to its original value. This enabled all concentration changes in the cell to be carried 
out with the hydrogen supply turned off and also facilitated the measurement of 
volumes and concentrations. 
In a second test the cell was shorted for 20 sec. During this time the e.m.f. 
changed from its equilibrium value by about 002 V but regained its correct value 
within 5 mm. Polarisation of the cell with a D.C. potential of about 0.5 V also 
brought about a change in the e.m.f. of the cell but again the equilibrium value of 
the e.m.f. was rapidly re-established after removal of the polarising potential. 
The electrodes were found to be insensitive to the rate of bubbling of hydrogen 
gas. Our cell also had the inherent advantage that its e.m.f. was independent of 
the pressure of hydrogen, for while the potential of a half-cell is pressure depen-
dent, the form of the cell was such that the e.m.f. contributions from the pressure 
of hydrogen gas on both sides of the cell were self-cancelling. 
The electrodes were found to be extremely sensitive to the presence of 
oxygen. Traces in one half-cell produced errors in the e.m.f. of up to 50 mV. 
Conventional Hildebrand electrodes constructed with platinum plates were 
tested in the. apparatus. These experiments all pointed to the fact that more 
efficient gas—liquid—solid interfaces were achieved with the gauze basket type of 
electrodes. The plate electrodes were found to settle much faster to a steady 
equilibrium potential than the gauze electrodes; they would then remain at this, 
value for a short period and then, suddenly, without warning, drift rapidly. On the 
other hand the gauze electrodes have repeatedly been operated satisfactorily at 
steady potentials over periods from 24 to 48 hr after settling. 
As a test of the reproducibility of the hydrogen electrodes over a wide range 
of concentrations four series of experiments were carried out in which the con-
centration m2  was varied. These were arranged so that the concentrations covered 
in Set I overlapped those in Set 2 and so forth. Table 2 gives the e.m.f.'s obtained 
from the cell, corrected to the value at which m, was constant at 10_2 molal, 
as in2 was varied from lO to 2 X 10- ' molal. These e.m.f.'s, plotted against 
log in 2  in Fig. 4, give a smooth curve over the whole range of concentration. 
The graphs obtained from each individual set of data overlap perfectly and as this 
pattern holds over 37 individual results and a 200 times change in concentration 
P1: 
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Table 2. The variation of e.m!. of the cell with 
changing concentration m2 
E. log m2 E. log m2 
SetI Set2 
—0-03625 —2989 —0-02768 —2-723 
—0-03273 —2-845 —0-01315 —2-361 
—0-02782 —2-718 —0-00700 —2200 
—0-02386 —2-629 —0-00213 —2-066 
—002011 —2542 +0-00405 —1-891 
—001664 —2-449 +000625 —1-821 
—0-01287 —2-352 +000817 —1-758 
—0-00900 —2-243 +000979 —1-707 
—0-00545 —2-143 +0-01135 —1-661 
Set3 Set4 
+ 0-00756 - 1-804 +0-00868 - 1-736 
+001049 —1-699 +0-01440 —1-568 
+0-01177 —1-651 +001947 —1-403 
+0-01345 —1610 +0-02476 —1-232 
+0-01462 —1-574 +0-02981 —0-9971 
+0-01573 - 1541 +0-03287 —0-8588 
+0•01659 - 1509 + 0-03583 —0-7378 
+0•01921 - 1-427 ±0-03745 —0-6646 
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Fig. 4. Variation of cell e.m.f. with concentration (molal). 
2111 
P12 
2112 	 J. BALDWIN.J. B. GILL and A. PRESCOTT 
there is no doubt whatsoever concerning the reproducibility of the electrodes' 
behaviour and their potentials. 
One additional factor which adds support to and confirmation of the satis-
factory behaviour of the cell and electrodes is the accuracy with which the curve 
drawn through the points shown in Fig. 4 passes through a zero value of e.m.f. for 
the concentration m2 = 10 2  molal. 
The principal error encountered in this work was the measurement of volume 
within the cell. To minimise this the cell was built with large electrode compart-
ments but even with the large volumes of liquid ammonia solutions used (about 
130 ml) individual concentration errors of up to 1/2% were possible in some cases. 
However, by use of the large number of results shown in Table 2 and a smoothed 
curve drawn from Fig. 4 it is possible to estimate quite accurately the value of 
any e.m.f. corresponding to any particular value of m2 . Thus, a method of estimat-
ing hydrogen ion activities (and a practical means of establishing a pH scale in 
liquid ammonia) has become available by the use of this type of cell. 
The work described in this paper, together with a comparable set of data 
obtained for ammonium iodide solutions[13] in liquid ammonia, has proved 
beyond doubt that reversible hydrogen gas electrodes can be set up to provide 
accurate, reproducible, and steady potentials. They are, nevertheless, still quite 
difficult to handle (from the practical point of'view) for they must be used in an 
anaerobic system and future work which uses this method of determination of 
hydrogen ion activities in liquid ammonia will inevitably proceed comparatively 
slowly. 
The cell used in this work effectively measures the free energy of dilution of 
ammonium nitrate from the concentration m 1 to m2 (or more correctly from the 
activity a 1 to a2 ). 
Table 3. Free energies of dilution of ammonium 
nitrate solutions in liquid ammonia from 10-2 
molal to several other concentrations 
m 2 (molal) E(V) AG(kJ moIe) 
lO —003970 274 
5x10 3 —002455 169 
10-2 00 0.0 
5X10' 002100 —145 
10' 002995 —206 
This is defined by 
AG = i.RT In (a 1 /a2 ) = - ,zEF 
in which t. is the known transference number of the nitrate ion in liquid ammonia 
solutions of ammonium nitrate. The change in t. over the concentration range 
used in this work is insignificant, and by use of the value 1. = 05842 for the 
concentration i n, = 10_2 molal[ I I], a series of values of AG of dilution have been 
listed in Table 3. 
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Solutions of Electrolytes in Liquid Ammonia. Part IV.Ls  The Mean 
Molal Ion Activity Coefficients and Ion Transference Numbers of.  
Ammonium Iodide 
By J. Baldwin, J. Evans. and J. B. GilI. Department of Inorganic Chemistry, The University. Leeds LS2 9JT 
The transference number of the ammonium ion in iodide solutions in liquid ammonia at -40 •C (C = 03957) is 
found to be almost independent of the concentration. 
The mean molal ion activity coefficients for ammonium iodide solutions at -40 'C have been determined over a 
range of concentrations (10 -3-10' molal) and correspond closely to those previously obtained for ammonium 
nitrate solutions in liquid ammonia. This indicates a high degree of similarity of behaviour between these species 
when dissolved in liquid ammonia. 
The similarity in the activity relationships between ammonium nitrate and iodide solutions in liquid ammonia and 
2 :2 electrolytes in aqueous solutions is also discussed. 
PREVIOUS Parts 	have reported that hydrogen-on- 
platinum electrodes may be used to provide precise 
e.m.f. data from cells which contain ammonium nitrate 
solutions in liquid ammonia. The work now described 
extends that reported in Part II 1  to the study of am-
monium iodide solutions by the use of the concentration 
cell (A) with transference. 
HSPt NH 4! (mi) 	NH4! (m3) Pt/H 3 (A) 
(am) (am) 
The determination of ion activity coefficients from 
this cell requires a knowledge of the precise values of the 
transference numbers of the ions. These data were 
unavailable in the literature and their determination 
has been carried out by a modification of the technique 
previously reported. 3 
EXPERIMENTAL 
Pure anhydrous liquid ammonia was obtained by the 
distillation of ammonia from a cylinder containing sodium 
amide.' 
Ammonium iodide was obtained by three successive 
recrystaltisations of the AnalaR salt from aqueous solution. 
At no time during the recrystallisations was the temperature 
allowed to rise above 50 °C. In spite of this the salt 
was slightly yellow immediately after each recrystallisation 
owing to the presence of traces of iodine. This iodine was 
removed during prolonged evacuation, at 10 - ' mmHg and 
60 °C over phosphorus(v) oxide, along with all remaining 
traces of water. 
Deter,ninaiicm of Cation Transference Numbers—The 
moving-boundary apparatus used contained several modi-
fications to that previously described. 3 The constant-
temperature bath was filled with the low.b.p. chloro-
fluorocarbon CF,CI, (b.p. —29'S °C) and the temperature 
controlled at —40°C by arranging for the liquid to boil 
under a carefully controlled constant pressure. This 
liquid was contained in a double-jacketed vessel fitted 
with a flat-flanged top (100 cm diameter), the upper joint 
of which carried the transference cell. Adequate insulation 
of the cold bath was achieved by evacuation of the outer 
jacket of this vessel to 10-' mmHg for 2 h immediately 
before the run. For safety, the mercury diffusion pump 
Circuit diagram will be supplied on request. 
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was switched off and isolated from the apparatus before 
each run. 
A new constant-current device was designed and con-
structured for this work.f This was capable of delivering 
constant currents of up to 6 mA stable to within 2 x 10 
mA irrespective of the changes of resistance which might 
occur within the cell between S and 500 kQ. 
Solid mercury was used as the anode in the electrolysis 
in order to provide mercuric iodide solution as an indicator 
and produce a boundary with the ammonium iodide 
solution. The concentrations over which runs were 
possible were limited by the solubility of mercuric iodide 
to ca. 0'15M though at concentrations as high as this 
deposits of an unidentified substance appeared on the 
cathode. At lower concentrations the platinum electrode 
remained perfectly clean. Difficulty in the detection of 
the boundary arose at concentrations below 0008u and 
experiments were therefore restricted to determinations 
at concentrations between 0.008 and 008M. 
From measurements of the time taken for the boundary 
to pass between different marks on the scale of the moving-
boundary tube a series of 40-50 values of transference 
numbers was obtained for each concentration. A value of 
standard deviation, a. for the transference numbers was 
calculated from these. No result was computed in 
which the time of movement of the boundary was less than 
2000s.   
Between experiments the apparatus was washed with 
aqueous potassium iodide solutions to remove, as tetra-
iodomercurate complex, all traces of mercuric iodide 
which deposited in a fine film on the glass surfaces after 
the removal of the ammonia solutions. This was always 
followed by copious quantities of distilled water and pro. 
longed evacuation at room temperature to dry the appara-
tus. 
Co,wenfration CeU Measurements — The same apparatus 
and technique was used as for the determination on the 
cells containing ammonium nitrate solutions.' The con-
centration, m, on the reference side of the cell was aimed 
to be as close as possible to 10-' molal. Corrections to the 
e.m.f. of the cell, to that which it should have had if the 
reference concentration had remained permanentl at 
exactly 10-' molal. were made by the procedure previousl' 
described. 1 
A similar degree of accuracy was achieved in the results 
as for the work on ammonium nitrate solutions. 
Part III, J. Baldwin. J. B. Gill. and A. Prescott. J. Ino.g. 
Nuclear Chess., 1971. 33, 2103. 
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RESULTS AND DISCUSSION 
In the determination of the transference numbers of 
the ammonium ion in ammonium iodide in liquid 
ammonia the same high degree of accuracy was not 
attainable as had been achieved in the course of the 
previous work on alkali-metal and ammonium nitrate 
solutions.' This was primarily due to the rather poorer 
definition of the boundary obtained between the in-
dicator mercuric iodide solution and the aminoniwn 
iodide solution. This resulted in the rather higher 
values of standard deviations on the experimental 
results as shown in Table 1. However, for the results 
of our measurements at —40 °C, the transference ot the 
ammonium ion in these solutions can be accepted with 
confidence to the third significant figure. 
When the values of 1. are plotted against c 1 , as for 
ammonium nitrate.' a linear plot is obtained in which 
TABLE 1 
Variation of Cation transference numbers with molar 
Concentration for solutions of ammonium iodide in 
liquid ammonia 
Conc./M 1(NH 4 ) a 
001365 0-3963 0-0002 
001550 03982 0-0005 
001553 0-3987 0-0005 
001083 03989 0-0005 
0-02394 03988 00004 
003591 0:1985 00009 
0-04255 0-4044 0-0011 
004235 04081 0-0012 
Standard deviation. 
I is found to be almost independent of concentration 
and provides an extrapolated value at infinite dilution, 
= 03958. This adds further confirmation to the 
evidence presented earlier 3  that the hydrogen ion does 
not possess any abnormal mobility. Ammonium iodide 
is only the second ammonium salt upon which precise 
cation transference data have been obtained, but it is 
clear that considerable differences exist between the 
transference data for hydrogen ions in liquid ammonia 
and in aqueous solutions. Further, these ions do not 
follow the expected pattern which exists for other 
cations in aqueous solutions. It is generally accepted 
that when the value of £,° is near 0-5 then the concen-
tration variation in t, will be negligible or, at most, 
very small. This follows from the expression for t 
in terms of the Debye-Huckel-Onsager equation,' 
viz., &, = ( X4° - BtJc)/(Aa - 2B/c), in which the 
relaxation terms have cancelled from denominator and 
numerator. When values of i are substantially less 
than 0'5 it is generally found that a non-linear relation-
ship of t with ci  occurs with the extent of the deviation 
from linearity increasing as the value of (0.5 - 
increases. 
The results for ammonium iodide in liquid ammonia 
are contrary to this expectation. Also, the extra-
J. B. Gill, J. Che,,,. Educ.. 1970, 47, 620. 
R. W. Allgood. J. D. LeRoy. and A. R. Gordon. J. Chem. Phys.. 1940. 8. 418. 
• R. W. Allgood and A. R. Gordon. J. Ch.em. Phys., 1942. 10. 124. 
polated values of t for the ammoniuzn nitrate solutions 1 
at —40 C show good agreement with the values of &.. 
for ammonjwn iodide solutions. For nitrate solutions 
in liquid ammonia at —40 °C, & falls linearly with c1 
from an expected value of £° = 0-4158 to = 04115 
at c = 0'172M, representing a very small change in t 
with concentration as for ammonium iodide at the same 
temperature. 
The most likely explanation of these linear plots of 
£, against c4  seems to lie in the phenomenon of ion-
association. When two ions are 'paired' an apparent 
dilution' of the ion concentration must occur with 
the 'paired' species unable to contribute significantly 
to the transport processes. Association does not stop 
at ion-pairing but may give rise to higher associate 
species such as the triplet ions INH4 •I - and NH4 .-
I'NH4 , these and higher associates increasing in 
concentration as the salt concentration increases. 
Each of these species will have its own individual 
contribution to overall measured conductances of the 
ions. On this basis, therefore, the linear relationship 
between 1+ and c4  requires the occurrence of a fortuitous 
balance between the normal trend in the value of g 
with concentration, such as that found in aqueous 1: 
electrolyte solutions, 5-' and the 'dilution' effect due to 
ion pairing and the formation of higher associate species. 
A similar pattern of data has been presented by Robinson 
and Stokes 8 in their recalculation of the data obtained 
by Jahn' for aqueous solutions of the 2 : 2 electrolyte, 
cadmium sulphate. This also shows a linear relation-
ship of t,. with ci with an extrapolated value of L? = 
0396 incating similar behaviour of 1: 1 electrolytes in 
liquid ammonia with 2 : 2 electrolytes in water resulting 
from the existence of similar ion-pairing phenomena in 
the two systems.' 
TABLE 2 
E.m.f.'s of cells at various molal concentrations of 
ammonium iodide and computed values of log (y,ly,) and log y, 
101m,/ 	10'mJ 	 log 	—log mol kg' mol kg' E,,., 	E,, 	(y,/y,) y, 
1-0731 	0-1131 —0-04022 —0-03936 	0-2423 0-3419 10796 0-1509 —0-03440 —0-03341 0-2227 0-3615 1-0839 	0-1886 —0-02970 —002872 	02108 0-3734 10839 0-2543 —0-02440 —002342 01758 0-4084 1-0906 	0-3435 —0-01927 —001822 	01382 0-4460 
1-1012 0-4403 —0-01502 —0-01385 0-1085 04767 























The averaged values of the e.m.f. data for the cell 
are shown in Table 2. The corrections in the value of 
E•., to E,,,, (as described 1)  to allow for the inconstancy 
L. C. Longsworth. J. Amer. Chem. Soc.. 1935. 57, 1185. 
R. A. Robinson and R. H. Stokes. 'Electrolyte Solutions.' 
2nd edn. (revised). Butterworths. London, 1968, p. 159. 
H. Jahn, Z. Øys. Chem.. 1907, 58. 641. 
P1 3 
Inorg. Phys. Theor. 	 3391 
in the value of the reference concentration ns 1 are also 
shown. 
As for the ammonium nitrate work, the experiments 
were designed so that the concentrations which were 
studied overlapped each other in successive runs. 
Good support for the validity of the figures quoted 
is provided by the fact that the values of E, shown 
in Table 2, when plotted against log m1 lie on a smooth 
curve on which the overlapped individual sections from 
the experimental runs fit well. Additionally, this 
curve passes within 0-2 mY of the value of E. = 0-0 
V at the value log m = —20 (the point at which 
the reference concentration equals the measured 
concentration). This error (0.2 mV) is of the same 
order of magnitude as the variation in the measured 
values of the e.m.f. of the cell. 
Equation (1) where the terms have the same meanings 
log (ys/y) = EF14 806RT1 1 - log (m5/m1 ) 
dJd(logm) -f" did(logy) (1) Y. 
as in our previous paper.t was used to evaluate the 
results. Because At is almost invariant with concen-
tration for ammonium iodide solutions the third and 
fourth terms on the right-hand side of equation (I) can 
be disregarded. The value of ç used was 0-3958, being 
the extrapolated value of 1+0  from the results quoted in 
Table 1. 
Also shown in Table 2 are the computed values of 
log (Vs/Vt) and —log y.  These were obtained, as for 
ammoniuns nitrate solutions, by a least-squares extra-
polation of the plot of log (y,Jy) against -,/m2 , which 
was found to be linear and produced a value of - log Yi 
= 05842 ± 0008 at —logy2 = 0 (slope = —1852 ± 
0.028), from which the values of —log y2 were obtained. 
Rounded values of log Y are shown in • Table 3 in 
which they are compared with the values previously 
TABLE 3 
Rounded activity coefficients for ammonium iodide and 
nitrate in liquid ammonia and zinc and cadmium 
suiphates in water 
md 	V . for 	y for 	y for 	y for 
mol kg' NH4140,(am) N1-11(am) ZnSO4(a) CdSO 4 (aq) 
0001 	0-470 	0475 	0-892 	0699 
0002 0408 0-409 - - 
0-005 	0326 	0-324 	0477 	0476 
0-008 0282 0-278 - - 
0-010 	0265 	0257 	0.387 	0383 
0•050 0.133 0-134 0.202 0-199 
0-080 	0.102 	0-101 	0-162 	- 
0-100 0-090 0096 0-148 0-137 
reported for ammonium nitrate, and with values ob-
tained from the literature for aqueous 2: 2 electrolyte 
solutions. These sets of results indicate close similarity 
between the ion-activity behaviour for ammonium 
iodide and nitrate solutions in liquid ammonia. Ad-
ditionally the close agreement between the two sets 
of results may be taken to support the individual 
validity of each set. 
ii V. K. LaMer and W. G. Parks. J. Amer. Chess. Soc.. 1931, 
88. 2040. 
A further interesting comparison is that between the 
mean molal ion activity coefficients obtained for these 
1: 1 salts in liquid ammonia at —40 °C with those 
obtained for the 2: 2 salts zinc, 10 cadmium, and mnag-
nesium 11 suiphates. in aqueous solutions at 25 C. 
The Figure shows plots of y against molality for these 
various species. Like those for the arnmonium salts 
10' x Molality 
Variation of mean molal ionic activity coefficient with rnolality 
for ions in liquid ammonia solutions of ammonium nitrate and 
iodide and for ions in aqueous 2 : 2 electrolyte solutions: 
A, NH,1 and NH,N0, in liquid ammonia (-40 'C); B. 
MgSO,. ZnSO4 . and CdSO4 in water (25 'C); C. KCI in 
water (25 'C) 
in liquid ammonia, the curves (broken line) for the 
aqueous 2 : 2 salts coincide. The concavity of the 
curves, showing a wide deviation from the Debye-
HUckel limiting law at very low concentration, is due 
to the very high degree of ion association which occurs 
in these solutions. This similarity of ion-association 
behaviour between the 1: 1 electrolytes in liquid am-
monia and 2: 2 electrolytes in water is further supported 
by the comments made above about the transference 
number properties of aqueous cadmium sulphate and 
ammnonium iodide and nitrate solutions in liquid am- 
monia. 
The deviation in the values of y from the values 
given by the limiting Debye-Hflckel law represents a 
contribution of ion association to the ionic activity 
coefficient. This is apparently the same for the nitrate 
and the iodide ions in their respective ammonium salt 
solutions in liquid ammonia and suggests that the 
behaviour of these two ions in the formation of idn 
pairs in electrolyte solutions in liquid ammonia is almost 
identical. 
We thank Mr Sam \Valker for the design and construction 
of the constant-current device, and Mr. Harry Butler for 
the construction of most of the complicated glassware. 
[11512 Received. .4pril 191h. 19711 
it J. Kielland. J. Amer. Chess. Soc., 1936. 58. 1855. 
Is R. A. Robinson and R. H. Stokes Trans. Faraday Soc.. 
1949, 45, 612. 
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6. 2 —Mean Molal Activity Coefficients and Cation Transference Numbers of 
Silver(l), Copper(u) and Lead(ii) Nitrates in Liquid Ammonia at 233 K 
By JohN EVANS, J. BERNARD GILL 4 AND ANN PREscoTT 
Department of Inorganic and Structural Chemistry, 
The University, Leeds LS2 9JT 
Received 6th July, 1978 
An improved apparatus for the determination of e.m.t. values of concentration cells with transport 
ntaining AgNO 3 , Cu(NO3)3 and Pb(NO3)2  solutions in liquid ammonia is described and the 
,n molal ionic activity coefficients have been obtained for solutions with concentrations between 
IO and 5x JO mol kg'. 
The transference numbers, :+ = 0.3827, 	= 0.3477, / °b 24 = 0.3385 in NO3  solutions at 
233K, indicate much lower relative mobilities for the Cu 2 and Pb2 ions and that these ions are 
much more hcavily solvated in liquid ammonia than in water. 
Vcry low activity coefficients are obtained; yj = 0.237 and 0.063 for AgNO 3 , 0.477 and 0.017 for 
Cu(NO3)2 and 0.278 and 0.010 for Pb(NO 3)2 , at iO- and 10 mol kg_i, respectively. The diver-sence of the observed values of y from those calculated by the Debye-Huckel equation indicates a 
very high degree of ion-pairing for all three salts even at very low concentrations. in Pb(NO 3)2 and 
Cu(NO3)2 solutions, the ion associates are believed to be substantially in the form of solvent-separated 
and solvent-shared species. 
• Only a minimal amount of activity and transference data which is of the accuracy 
and reliability expected in current electrochemical work exists for electrolyte solutions 
in liquid ammonia. Previous papers of this series 2. 3 have reported ion mobility 
properties and activity data for solutions of the NH cation, which is unique among 
solvated ions in liquid ammonia. This paper reports the extension of that work to a 
study of the Ag, Cu 2 and Pb 2 cations in their nitrate solutions. 
Ionic activities have been obtained from concentration cells with transference of 
the type, 
M M(NOs),(m,)'M(NO 3)7(m 2)iM, 	 (I) 
(am.) 	(am.)  
where (a.m.) indicates that the ions are in the ammonia phase. When a satisfactory 
non-diffusing liquid–liquid interface can be established such cells rely entirely on the 
reversibility and reproducibility of the potentials at the metal/solution interfaces. 
The efficient behaviour of the Ag/Ag(am.), Cu/Cu 2 (am.) and Pb/Pb 2 (am.) couples 
was first demonstrated by Pleskov and Monoszan who obtained reproducibilities 
to within ±0.5 mV. The Pb/Pb 2 (am.) couple has since been well-used as a reference 
electrode 8  and the Ag/Ag(am.) 912  and Cu/Cu 2 (arn.)' 3 ' 14 couples have also been 
shown to function satisfactorily. 
The complete elimination of liquid/liquid junction potential problems is only 
possible in a cell which incorporates both cation and anion responsive electrodes. 
The few reports of anion responsive electrodes in liquid ammonia solutions leave 
considerable doubt about the validity of their use in the measurement of thermo-
dynamic functions, though one of these 17 appears to have been used satisfactorily, 
to determine ionic activities in NaCl and KCI solutions.' 8 
1023 
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A number of cells with salt bridges have been described. To determine activjtI5 
in NH4 NO 3  solutions Pleskov and Monoszan used cell (II): 
Pt/H 2 N l-1 4NO3(0. I mol dm 3)fKCl(satd.)NH 4 NO3 (,), 2 ) Pt/H2. 	(Ilj (am.) 	 (am.) 	(am.) 
They supposed that the" forward "and " back'ard "e.m.f.s at the two liquid-liquid  
junctions would be both small and mutually self-cancelling to give a cell e.m.f. with 
a negligible contribution from the two liquid-liquid junction potentials. It is u seful 
to compare our activity data for NH 4NO3  solutions, obtained from the Concentratjo 
cell (Ill) with transference, 2 
Pt/H 2 NH4NO3(10-2 mol kg-1)NH4NO3 (n12) Pt/H2 	(Ill) 
(am.) 	 (am.) 
with those of Pleskov and Monoszan. The difference in temperatures between the 
two sets of measurements (AT = 10°C) cannot account for the observed disparity of 
the results which corresponds to differences of the order of 15 to 20 mV between th e  
e.m.f.s of the cells.t We have also found 24  that in the cell, 
Pt/H 2 NH4NO3 (m 1 )AgNO3(m2) Ag 	 (IV) 
(am.) 	(am.) 
a change in concentration in2 from I0 to 5x 10 mol kg-', at constant ,n, 
10 2  mol kg- ', causes a change in the liquid-liquid junction potential of—S to 10 mV. 
It is therefore misleading to assume that liquid-liquid junction potentials in cells 
containing ammonia solutions may be ignored as insignificant, and a method for the 
determination of activities which neither includes nor entirely neglects the junction 
potential problem must be sought. Concentration cells with transference fulfil this 
requirement but the quality of the activity data obtained from them is necessarily 
dependent upon the accuracy with which the transference numbers have been deter-
mined. Accordingly every effort has been made in this work to obtain the trans. 
ference numbers of Ag, Cu2 and Pb2+ cations in their nitrate solutions to a high 
level of accuracy. 
EXPERIMENTAL 
TRANSFERENCE NUMBERS 
The apparatus previously described was used.3' 25 For all three salts the moving 
boundary became indistinct at concentrations <10 2  mol kg- '. To obtain good well. 
defined boundaries for the Cu(NO 3 )2 and Pb(NO3 )2  solutions the best values of the Current 
were chosen from a few trial experiments. With currents too low the boundaries were 
diffuse and difficult to follow; with currents too high thermal motions damaged the 
boundaries. In all cases mercury(n) nitrate, obtained by auto-electrolysis from the solid 
mercury anode, was used as the indicator electrolyte and the temperature was maintained 
at 233.15 (±0.05) K. 
All times recorded for the movement of boundaries between graduations were >2000 s 
and measured to ± I s. From each experiment at least 40 individual measurements of the 
movement of the boundary between different graduation marks were available and the 
standard deviations, a, quoted in table I represent principally the deviations due to the 
dimensions within the apparatus. 
t The use of hydrogen on platinum electrodes in liquid ammonia has been the subject of con-
siderabic controversy. Some workers have claimed that they do not work 11. 20, 21 whilst 
others 10 11.19,22 have used them successfully. Recent work on the response of the electrode in 
acidic solutions' has helped to resolve the issue. We found, 23  like Pleskov and Monoszan,'° that 
the Pt/H 2  electrode requires a considerable time to settle to equilibrium, e.g. >4 h at —40°C, and 
longer at —50'C; patience is required in their use. 
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Solutions were prepared on a weight/volume basis and concentration errors were 
gnificant. Molar concentrations were obtained from dN,, (233 K) = 0.6900 g dm 3 . 2 " 
valueS of t and i +° quoted in table I are considered as reliable to better than I part in 
E.M.F. MEASUREMENTS 
The apparatus was substantially different from that described in our earlier papers.3 23 
cause it could be operated continuously over prolonged periods of time the new design 
provided much greater efficiency of operation, and a greatly improved standard of accuracy 
,d reliability of the data. It also allowed the concentration range to be extended to much mo
redilute solutions. Previously the preparation of solutions in situ within the cell caused 
Sn inherent volume error which became increasingly significant as concentrations were 
below 5x 10 mol kg- '. 
The cell, standard flasks and all taps in the liquid lines were constructed as a single unit 
jüch was immersed in a thermostatted refrigerated bath filled with a continuously-stirred 
low viscosity silicone oil at 233.16 (± 0.02) K. Continuous operation of the apparatus over 
a period of several days allowed long periods to be used for temperature equilibration, and 
for electrodes to settle and behave reversibly and reproducibly. It was also possiblc to 
prepare and store solutions of several different concentrations while e.m.f. measurements 
were being made on other solutions. 
FIG. 1.—Diagrammatic representation of the gas and the liquid line system. Thick lines represent 
gas lines, thin lines represent liquid flow lines; gas reservoirs (BI and B2), ammonia condenser (X), 
disposal vessel (Y), standard flasks (SF). 
The apparatus, fig. 1, consisted essentially of two sections; a vacuum gas-line system 
constructed on a frame above a refrigerator unit (capable of achieving temperatures down 
to 200 K), and a liquid-line system incorporating the cell and standard flasks (shown within 
the dotted lines). The latter was suspended on insulated mounts within the refrigerator 
bath and connected by liquid-lines to the ammonia condenser at its inlet and to the disposal 
vessel at its outlet. Each half-cell and standard flask was independently connected to the 
vacuum and gas-line system in such a way that all sections of the apparatus could be 
independently isolated. 
The gas-line was constructed as a ring-main containing nine T-bore taps (10 mm). Tap A 
connected the apparatus to the vacuum source. The 5 dm3 bulbs, BI and B2, on each side 
of A served as gas reservoirs from which pressure differentials applied across any two parts 
of the apparatus enabled solutions to be moved pneumatically. The side arms of the taps 
1-33 
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were connected to the vessels within the apparatus as indicated in fig. 1. Taps K an N. 
(2-way, 6 mm) facilitated the equalisation of pressures in BI and B2, and in the two haif 
respectively; pressures were indicated by mercury-filled manometers and protect; 'on of 0.- whole apparatus against excessively high pressures (>850 mm Hg) was by mercu,)... 
"blow-off" safety valves located at the manometer points. 
The liquid-line, cell, and standard flasks were mounted in PTFE clamps on a staz 
steel frame within the refrigerator unit. Epoxy resins were used to support the most d el icuc 
glass transfer lines. The glass vessels were connected to the liquid-line at the T-borc taN 
(3 mm) a, b, c, d, e and f. The inner-surfaces of these taps, between the barrel and the 
were protected from the silicone oil bath by bulbs blown on to the lower ends, and 
extension tubes (—'50 mm) blown on to the upper ends of the barrels as shown in fig. 2. 
epoxy resin 
seal 






(01 	 (bI 
(a) (b) 
FIG. 2.—Sections through (a) a half-cell, and (b) a standard flask. 
To provide some flexibility within the apparatus and to allow easy removal of the liquid. 
line unit S19 spherical connections were made between the standard flasks and the hal1-x1-
and the relevant sect ions of the gas-line. 
Liquid ammonia was transferred from the condenser X into the apparatus thrL'u 
thin-walled insulated liquid-lines (4 mm o.d.) and a; solutions were similarly rernovtJ v 
the disposal flask throughf 
The concentration cell, illustrated in fig. 2(a) (150mm high, 40 mm diam.) consisted of 
two identical half-cells joined by a two-way tap Z. This tap was joined as close as posiht 
to the base of each half-cell and its side arms, at 120 °, were belied out so that, during ttx 
filling process, no gas bubbles cot.ild be trapped within the tap. The key of.tap Z contairx 
a glass sinter (porosity 3, 2 mm thick) sealed at 90 ° to the bore (6 mm) within which ibe 
liquid—liquid junction was formed with minimal electrolyte diffusion across the bound.it' 
This tap was also completely protected from the coolant liquid bath. 
Electrodes were located in each of two B14 sockets in each of the cell compa,lmmb 
Solutions were introduced through a tube (4 mm o.d.) internally sealed through the P 
of the half-cells about 40 mm above the base. The small drainage bulb in which this tube 
ended enabled the half-cell to be almost completely emptied. 
All taps and joints in the apparatus were lubricated with a thin silicone grease (IC-I.. 
M494) which permitted operation at 227 K. Use at temperatures down to 210 K could be 
achieved by carefully "thinning" the grease with a little silicone oil. 
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5tandard flasks of approximately 500, 300 and 200 cm 3 capacity were as illustrated in 
nb). The bulb of each was about 150mm long and about 70, 55 and 50mm i.d., 
ively. The necks consisted of graduated tubes (14mm i.d., 50 mm long) marked at 
,ntcrvals joined to a capped B29 cone. The liquid delivery tube was mounted vertically 
paraticl to the neck of the flask. Volumes of solutions were obtained by observing the 
scus level against the corresponding graduation mark after equalisation of the pressures 
. 	the liquid in the flask and the delivery arm. In the case of SF3 this requires the 
setting of taps a, b, C, D, E, F, 0, H. The scale, illuminated by a small 2 W lamp, 
read with the aid of a periscope. 
The standard flasks were calibrated at 298 K by filling to the lowest graduation mark 
00 a known mass of pure water. Volumes between the graduations were determined by 
cessive additions of water from a microburette. Several calibrations of each vessel were 
out to give consistent volumes which were corrected to 233 K. Estimated error on 
• one volume determination was ± 0.04 cm 3 . 
prior to operation the evacuated apparatus was filled to I atm with purified and dried 
ygenfree nitrogen gas. 
Standard solutions, one of them the reference solution at nearly 10_2 mol kg, were 
rpared as follows. With the cap of flask SF3 removed N 2 was passed through E, F, 0, H. 
c salt, weighed by difference in a very small weighing bottle, was introduced almost to the 
bottom of SF3 against the counter current of N 2 gas. The weighing bottle was specially 
nstructed in a handling apparatus constructed from platinum so that removal and replace-. 
t of the lid, and also rotation of the base on two pivots to tip out the salt, was possible by 
note control. By suitable adjustment of the pressure differential at taps H and M liquid 
gmonia could be transferred from X into SF3 through taps a and b. A pressure differential 
of 10cm Hg, with the high pressure side totalling I atm made up from the saturated vapour 
Fcssure of the NH 3 solution plus the partial pressure of the N 2 gas, produced an efficient 
gtj controllable flow of liquid to SF 3 . Appropriate settings of taps enabled the transfer 
dsolutions from the standard flasks to one of the cell compartments to be similarly achieved. 
During operation of the cell pressures in the two half-cells were equated through N and 
itt liquid in each compartment was kept at the same level to prevent flow due to a pressure 
d through tap Z. 
Experiments were arranged so that measurements were recorded on solutions of 
cessively increasing concentrations. For a change of concentration in a half-cell two 
,&shes with the new solution, before addition of the test solution, were found to be adequate; 
krther washings did not affect the recorded e.rn.f. 
The electrodes consisted of the pure (better than 99.999 %) metal wire supported in 4 mm 
glass tubes above and below the B14 extended cone. The glass above the cone was crimped 
on to the metal and a good vacuum seal was established with a layer of epoxy resin on the 
outer side of the seal. The silver electrodes were sealed into soda glass below the cone and 
below the liquid level so that 10mm of wire extended below the seal. Before use this section 
of wire was melted to form a sphere of 2 mm diam. The electrode was then cleaned in 
ouncentrated HNO 3 (50 %) to remove oxide, thoroughly washed in distilled water and 
dried in warm argon. The copper electrodes were cleaned of oxide film by abrasion with a 
(me grade of emery paper to polish the surface. The surface oxide layer was removed from 
the lead by scraping the wire with the sharp edge of a piece of glass. 
E.m.f. values were measured to ±0.02 mV on a Cambridge Vernier potentiometer using 
an EIL Vibron electrometer (33B2), capable of detecting currents <b_b  A, as a null-point 
detector. Because the cell resistances were usually large (-10 6 (1) the leads, and the 
Potentiometer, were screened and earthed to eliminate any electrical interference. The two 
electrodes in each half-cell were connected to a screened earthed 6-way switch to allow the 
e.m.f. values of all possible combinations of electrodes to be measured. E.m.f. values were 
accepted only when the four readings across the cell differed by <0.05 mV, and the two 
readings across the two electrodes in each half-cell were between —0.05 and +0.05 mV and 
remained steady for longer than 30 mm. 
The concentration of electrolyte in the reference half-cell was always accurately known 
and within 5 % of 10_ 2  mol kg-1. 
P14 
1028 	 ELECTROLYTES IN LIQUID AMMONIA 
All ammonia used in these experiments was dried by distillation from NaNH2. A 
stock was stored in a cylinder which contained 50 g NaNH 2 and solutions were prepad 
distillation from this. Anhydrous Cu(NO 3) 2 was prepared by dissolving Cu metal in a i 
mixture of liquid N 204 and ethyl ethanoate. 27 The precipitated Cu(NO3)2 . N.O. 
washed with liquid N204 and dried under vacuum. The dry Cu(NO 3) 2  was purified b 
sublimation. Recrystalliscd AnalaR grades of AgNO 3 and Pb(NO 3 ) 2 were finely powd 
dried in vacuo and stored over P+0 10 in vacuo. 
RESULTS AND DISCUSSION 
TRANSFERENCE NUMBERS 
The cation transference numbers of Ag', Pb 2 and Cu 2 cations in their nitrat, 
solutions in liquid ammonia are given in table I. As found for the alkali flitrai c 
series 25 plots of t. against m 4 are linear up to 0.05 mol kg -1 concentration for th 
Pb 2 ' and Cu 2 solutions and up to 0.1 mol kg -1 concentration for the Ag solut. 
Limiting transference numbers have been obtained by extrapolation of these plOt: 
= 0.3827; t2+ = 0.3477; tb2+ = 0.3385 (all values ±0.0005). 
The limiting cation transference numbers for nitrate salt solutions in water and 
liquid ammonia are compared as follows: 








Cu 2 (0.428) 








The values of :. provide a direct comparison of the ionic mobilitics and hence th 
sizes of the solvation spheres involved in the transport process of a cation if a relatior. 
ship of the Stokes' type is assumed, viz., 1+0  oc u° cc I/r, where ii is the ion mobiln% 
and r is the average radius of the ion and its associated solvating solvent molecule' 
In ammonia solution the solvated Ag(am.) and Li(am.) ions are seen to ha' 
almost identical sizes whereas they differ markedly in aqueous solution. The much  
lower mobility of Ag(am.) with respect to Ag 4 (aq.), relative to other monovalctr 
ions, indicates a much greater degree of influence of the Ag ion upon the solvatin 
NH 3 molecules than in the corresponding aquo case. Consistent with spectroscorL.. 
evidence 28  we believe that the primary coordination spheres o1Ag(am.) and Li(arfl 1 
each contain four NH 3 molecules. Good evidence that these solvent molecules re 
very strongly bonded is given by the high enthalpy of solvation of Li(am.) iOnS ' 
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j also by the very high solubility of silver salts in ammonia solutions (Ag! solutions 
f8 mo1 dm 3 concentration can be obtained). 
The mobility properties of both Cu 2 (am.) and Pb2 (am.) ions in ammonia are 
distinctly different from those in water. In aqueous solution Cu 2 (aq.) and 
2(aq.) are amongst the most mobile, and a small and comparatively loosely held 
&lvcnt coordination sphere is suggested. This is consistent with the crystallisation 
of pb(NO from aqueous solution as an anhydrous salt. In ammonia Cu 2 (am.) 
d Pb2 (am.) move comparatively slowly and the formation of large and well- 
fined coordination shells with very strong metal ion-ammonia bonding in the 
bcxammonhated inner-coordination spheres is indicated. 
TABLE i .-CATION TRANSFERENCE NUMBERS OF Ag, Cu2 AND Pb2' IONS IN NITRATE SOLUTIONS 
IN LIQUID AMMONIA AT 233 K 
m/mol kg-I NH 3 	, 	a, 
(0.016 80 0.3828 0.0003 
0.02238 0.3828 0.0004 
0.03945 0.3828 0.0002 
AgNO3  0.04668 0.3832 0.0002 1A° , = 0.3827 
0.05178 0.3832 0.0003 
I 0.081 25 0.3833 0.0002 
0.09143 0.3834 0.0002 
0.007 575 0.3325 0.0002 
0.01344 0.3272 0.0003 
0.02123 0.3220 0.0002 
Cu(NO3 )2 0.04094 0.3115 0.0002 1& 	= 0.3477 





0.007 772 	0.3257 	0.0002 
0.01329 0.3219 0.0003 
0.02622 	0.3153 	0.0002 
Pb(NO3)2 0.04075 0.3096 0.0002 fbz* = 0.3385 
0.048 56 	0.3072 	0.0003 
0.05786 0.3057 0.0002 
10.06678 0.3040 	0.0002 
The crystallographic ionic radii of Cu 2 and Pb2 are 92 and 117 pm, respectively. 
Similar coordination shells built around these ions would provide solvated ions of 
almost identical sizes with the Pb2 (am.) ion having the observed slightly lower 
mobility. Raman spectroscopic studies of aqueous Ph(NO 3) 2 have failed to find a 
vibration due to the Pb-O bonding within the inner coordination sphere, whereas 
for liquid ammonia solutions a fairly strong band (relative to other metal-nitrogen 
Irequencies) attributable to the V m(PbN) vibration is found at 315 cm. 28 
Unpublished preliminary Raman spectroscopic data indicate that solvent-separated 
and/or solvent-shared ion-paired forms are the favoured species in Pb(NO 3 ) 2 solutions 
In liquid ammonia. The complex niulticomponent bands which normally indicate 
the presence of contact and aggregated ion-paired forms, 30 are absent from the 
Spectra, and the i'4(NO) bending mode appears as a single and relatively narrow 
Symmetrical feature (w+ - 10-12 cm-'). 
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TABLE 2. -OBSERVED AND CORRECTED E.M.F. VALUES AND CALCULATED MEAN MOLAL 




mol kg 	.E/V 	E/V 1 09(y21y,) 
-Th 




-0.09755 	-0.098 16 0.7345 0.4805 0.3308 5.93 
1.2159 	9.7143 
-0.08077 	-0.082 15 
-0.07600 	-0.076 36 
0.5953 
0.5651 
0.6197 0.2402 9.6006 


















0.9984 0.1008 37.631 
61.54.6 
158.74 












-0.04997 1.2649 0.0543 125.992 0.01801 -0.12082 1.3419 0.0455 169.90 
TLE I-OnsERvED AND CORRECTED E.M.F. VALUES AND CALCULATEE) MEAN MOLAL IO 
ACTIVrIy COEFflCIp.J 	FOR SOLUTIONS OF Cu(NO 3)2 IN LIQUID AMMONIA 
104m2 / 102m/ 







-0.06055 	-0.059 14 1.3459 0.3351 0.4623 10.012 
4.8702 1.0746 
-0.051 85 	-0.05044 
-0.038 35 	-0.036 94 
1.1842 
0.9045 
0.5968 0.2530 13.471 
6.3122 
7.4765 










-0.031 55 	-0.030 14 
-0.02845 	-0.02704 
0.7935 0.9875 0.1031 27.343 
















-0.013 25 	-0.01184 
-0.00055 0.00086 
0.3126 1.4684 0.03401 60.024 
-0.021 69 .1.8021 0.01577 103.590 
TABLE 4. -OBSERVED AND CORRECTED E.M.F. VALUES AND CALCUL_ATED MEAN MOLAL IONIC ACrjVrry COEFFICIENTS FOR SOLUTIONS OF Pb(NO3)2 IN LIQUID AMMONIA 
l04m 2 / J0 2m/ 









1.4886 0.5528 0.2800 10.0 
















-0.021 45 	-0.021 43 
-0.01805 	-0.01803 
0.9654 1.0760 0.08936 25.149 





0.071 33 28.209 
31.599 
63.240 










0.1747 1.8768 0.01327 79.523 
0.00257 	-0.1729 2.2144 0.00613 126.035 
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Therefore competition between NO; ions and NH 3  molecules for the coordination 
ties on a Pb2 ion is much in favour of the NH 3 molecules. This has been supported 
our isolation of a stable crystalline ammoniale of Pb(NO3 ) 2 . 
ACTIVITY COEFFICIENTS 
The method previously described for the computation of the data for arnmonium 
S8ItS 
2. 3 has been used in this work. For the 1: 1 electrolyte, AgNO 3 , the e.m.f. of 
ii (I) is described by the equation, 
log (72/71) = EF14.606RT:, -log (m2/m 1)- 
rmi 	 f72 
1/is I itdlogni _l/t,j A tdlogy 	(1) 
in which y, and 72 are the mean molal ionic activity coefficients, and z, and t2 are the 
nitrate ion transference numbers at the molal concentrations ni, and in2, and At = 
— 12. In the case of the 2: 1 electrolytes the general cell process is described by 
-2FE=3RTI_dlny j m j 	 (2) 
which on integration gives 
log (viv) = 2EF13 x 4.606RTt , — log (in 2/m ,)- 
At diog ni - l/t,J At dlog y. 	(3) 
Jmi 
Using the standard concentration in, = 1.0000x 10_2  mol kg, values of 
log(y 2 /y,) were computed from eqn (1) and (3) for a wide range of concentrations rn2 . 
Interpolated values of t j  of 0.3827(Ag+), 0.3298(Cu 2 ) and 0.3241(Pb2-') at in, = 
10_2  mol kg' were used. 
Because of the impossibility of arranging for the ftxed concentrations within the 
cell to be exactly at the standard concentration in, = I0_2 mol kg', the e.m.f. values 
(E0,,,) were recorded using an accurately known fixed concentration, nz, close to 
10_2  mol kg- '. EOb, values were corrected, as previously described 2 to those (E 03.1) 
which should have been obtained had the fixed concentration side of the cell contained 
a solution of exactly ni, = 10_2  mol kg- '. The e.m.f. corrections and calculated 
values of 109(y21y,) for all three salts are given in tables 2, 3 and 4. 
Extrapolation of 109(y21y,) values to zero concentration using the plots 109(y 2 1y,) 
against m, n4 and rn, respectively, gave -logy, = 1.21 50, 1.7810 and 2.0425 for 
AgNO3, Cu(NO0 2 and Pb(NO 3 ) 2  solutions, respectively. Interpolation of the plots 
Of Ecorr  against log m 2  gave between - 0.05 and + 0.05 mV at ,n = I 0-2 mol' 
for all three salts; the plot for AgNO 3 was linear, that for Cu(NO,) 2  showed a slight' 
deviation from linearity and that for Pb(NO 3) 2  was decidedly concave. Rounded 
values of activity coefficients for the three salts are given in table 5. 
In aqueous media the activity data 31 reported for AgNO, solutions conform 
closely to those calculated from the expanded form of the Debye-Huckel equation. 
For liquid ammonia solutions the disparity between calculated and observed ionic 
activity coefficients is great, even more so than that previously observed for NH 4 ! 
and NH4NO3 solutions, as illustrated in fig. 3. This disparity between the calculated 
Debye-Huckel and the observed ionic activity coefficients is a clear indication that 
ion association in AgNO, solutions is much more marked than in NH 4 NO, solutions 
at low Concentrations in ammonia, although the two electrolytes have similar activity 
data in aqueous solutions. The activity data were used, as previously described for 
NH4 NO, and NI-I 4 ! solutions in ammonia,' in an attempt to calculate the association 
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TABLE 5.-ROUNDED VALUES OF MEAN MOLAL IONIC ACTIVITY COEFFICIENTS FOR SOLUTIONS 0 
AgNO 3 , Cu(NO 3 ) 2 AND Pb(NO 3 )2 IN LIQUID AMMONIA AT 233 K 
10'm/ 
mol kg- 	AgNO3 	Cu(NO3 )2 	Pb(NO3)2 
0.2 0.387 - - 
0.5 0.296 - 0.414 
0.8 0.252 - 0.324 
1.0 0.237 0.477 0.278 
2.0 0.192 0.237 0.177 
5.0 0.144 0.131 0.103 
8.0 0.124 0.100 0.073 
10.0 0.114 0.085 0.063 
20.0 0.089 0.050 0.037 
50.0 0.074 0.030 0.016 
80.0 0.067 0.022 0.012 
100.0 0.063 0.017 0.010 
200.0 0.051 - - 
constants K1 and KT (ion-pair and ion-triplet constants). This treatment did not 
provide entirely reliable answers because the best fits always contained a systematic 
displacement of the calculated results with respect to the experimental results. 
However the calculations suggested a value of K,, between 3000 and 6000 mol- ' kg 
NH3  (a = ±2000). This value compaies favourably with the high precision de-






25 	50 	75 	100 	125 
10 3 %/m 2 /m01+ kg+ 
FIG. 3.-Plot of mean molal ionic activity coefficients against (motality)f for AgNO, (-). Cu(NO,h 
Pb(NO 3) 2  (- - -). NH4NO3  (-. -. -), and the Debye-HUckel calculated plot (...)' 
liquid ammonia, and AgNO3  (. . . -. . . -. . .) inaqueous solution. 
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The activity coefficients of the 2: 1 electrolytes Pb(NO 3) 2 and Cu(NO3)2 are 
much Jower than those of AgNO 3  at the same concentrations indicating the much 
1gher degree of ion-pairing which is to be expected with the larger Bjerrum critical 
distance of 34x 10-10  m compared with that of 17x 10 10 m for AgNO 3 at 233 K. 
flus from fig. 3 it can be seen that, even in the 10 to 10' mol kg - ' concentration 
Pb2  and NO; ions exist as virtually completely ion-paired species. There 
am  no  significant contributions from bands attributable to contact ion-paired forms 
to the v4(NO 3 ) bending modes in the Raman spectra of Pb(NO 3)2  solutions. 3° 
Thus if Ph 2  . . . NO; contact ion-paired species exist at all they must be present 
in very small proportion (<1 %) even in relatively concentrated solutions of 
- I mol kg- '. (These spectra will be more fully reported in a different series of 
papers). 34 Supported therefore by the lower observed relative mobilities for 
ph 2 (am.) and Cu 2 +(am.) cations we suggest that it is the solvent-shared and/or the 
solvent-SeParated ion-paired forms which contribute principally to the observed high 
degree of ion-pairing. 
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Solutions of Electrolytes in Liquid Ammonia. Part V.' Ion-pair Form-
ation by Ammonium Nitrate and Ammonium Iodide in Liquid Ammonia at 
—40 °C 
By J. B. Gill. Department of Inorganic Chemistry, The University, Leeds LS2 9JT 
B. M. Lowe,' Department of Chemistry. University of Edinburgh, West Mains Road, Edinburgh EH9 3JJ, 
Scotland 
ion-pair and triple ion formation constants (KA and K5) have been obtained for NH 4 NO 3 and NH 4 I in liquid ammonia 
at -40 'C from previously reported activity coefficient measurements. For NH 1 NO 3. K, = 401 ± 9 dm3 mol - ' and 
K5 = 114 ± 07 dm' mol - ', and for NH4I. K 	476 ± 20 dm' moh' and K7 = 6-5 ± 0-8 dm' mol-', when the 
size parameter in the Debye-HOckel equation is Set at the Bjerrum critical distance (16-22 a 	m). Revised 
activity coefficients based on this analysis are presented. 
Two previous papers" 5 in this series have dealt with the 
activities of ammonium nitrate and ammonium iodide 
in liquid ammonia solutions determined from the 
e.m.f.'s of concentration cells with transport. In both 
papers the activity coefficients were established empiric-
ally by the extrapolation of log 10  (yfy,) [where , and y, 
are the mean molal stoicheiometric activity coefficients 
at molalities in and ,n, (= 001 mol kg-1) respectively] t 
against a function of concentration. It was found, for 
both salts, that when this function was m rather than 
rn 1 , or ml/(1 + rnl), which would be expected from the 
Debye-HUckel theory, an almost linear relationship 
over the concentration range 10 3_b -1 mol kg-' was 
obtained. It was noted 2 that the apparent breakdown 
of the Debye-Hflckel equation might have arisen from 
ion-pair formation but no attempt was made to obtain 
activity coefficients from the experimental log, 0  (vIy) 
results on this basis. The relative permittivity of 
liquid ammonia 3 (e = 22.1) is so low that the Bjerrum 
critical distance (q = Z2C1/2EOC rkT = 16'22 x 10-10  m) 
for a 1: 1 electrolyte at —40 CC  is much larger than 
the sum of the ionic crystal radii (1.43 + 1.96) x 10- 10 
for NH4NO3 and (1.43 ± 2.24) x lO-'° m for NH 4!.' 
Ion-pairing and even triple ion formation in these solu-
tions is therefore probable and consequently we have re-
analysed the log 10 (y/y) results 1 . 2 with the assumption 
that ion association occurs and that the activity co-
efficients, y,  of the free non-associated ions may be 
described by the Debye-HOckel equation. 
The association processes may be represented by the 
equations, 
M (solv) + X (solv) = WX- (solv) 	(I) 
M (solv) + MX- (solv) = MXM (solv) (2) 
X (solv) + M 4X- (solv) = XMX- (solv) (3) 
where M'X (solv), lX%[ (solv), and XMX - (solv) 
represent ion clusters within which the ions may or 
may not be solvent separated. From the experimental 
measurements it is impossible to distinguish between the 
In Part fit and Part IV' y and m were denoted by y, and 
m,. 
Part IV. J. Baldwin. J. Evans. and 3. B. Gill. J. C!tern. Soc. 
(A). 1971. 3389. 
J. Baldwin and J. B. Gill, J. C/tern. Soc. (.4), 1971. 2040. 
J. Baldwin and J. B. Gill. Phys. and Chris. Liquids, 1970. 
2.25. 
N. Bjerrum, Kg!. Danshe t'id. Selsk.. 1928. 7 No. 9. 
two possible triple ions, and we shall assume X[X -
occurs. (The equations which result are independent 
of this choice.) The concentrations may then be repre-
sented by M] = ma, XMXi = ;n, Xj = 
- ), and 1'X - 1 = ;;z(1 - a - ) where ol is the 
stoicheiometric molality. The ionic strength I is inde-
pendent of the triple ion concentration and is given by 
I = ma. The ion-pair and triple ion formation con-
stants are respectively, 
KA = (WX1/(W)(X -) = 
0 - a - 3)/a(a - ) m 1, 2 (4) 
K5 = (XMXi/(X-)(MX- ) = 
In equation (4) the activity coefficient of the electricall y 
neutral ion pair has been neglected and in equation (5) 
we assume the activity coefficient product (yxMX-/yx-
yM+x-) = I. When triple ions are not formed 3 = 
K5 = 0 and equation (4) becomes 
KA = (1 - a)/a'rn Vi2 	(6) 
The stoicheiometric activity coefficient of the salt is 
related to the ionic activity coefficient by the equation 
= y'a(a - 3) 	 (7) 
or when p = 0 by 
(8) 
Provided that the mean ionic strength tea is small it 
may be assumed that the mean molal ionic activity 
coefficient yi is given by the Debve-Huckel equation in 
the form 
logy' = - A d01 (n,$)t/I1 + B d(d0ms) 1 1 	(9) 
where A = 4'9341 dm1 mo1 1 , 10-10 B = 07006 dml 
mol1 m, and d0 the density of liquid ammonia 8 at 
—40 °C = 0'6990 kg dm'. (The values of .4 and B 
were derived' with fundamental constants from ref. 10, 
$ R. A. Robinson and R. H. Stokes. ' Electrolyte Solutions.' 
Butterworths, London. 1959. ch. 14. 
• 3. E. Prue. ' Ionic Equilibria,' Pergamon. Lon'ion. lOiiO, 
10. 
Pit. L. Masterton, D. Bolocoisky. and T. P. Lee. J. Phys. 
C/tern., 1971, 75. 2809. 
• C. S. Cragoe and D. E. Harper. J. .4 nier. C/trin. Sec.. 19".. 
42. 208. 
• Ref. 5, ch. 9. 
10 F. D. Rossini. Pure .4ppl. C/tn,,.. 1964, 9, 453. 
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using c 	22•1 for the relative permittivity. 3) For 
solutions in which extensive ion pair formation occurs 
the size parameter d is best treated as the ionic separation 
beyond which ion pair formation can be considered to 
have ceased, and in this case the best estimate of d is 
probably the Bjerrum critical distance q. 4 
PROCEDURE 
Two approaches were adopted for the calculations. For 
the first, triple ion formation was neglected and the values 
of KA and y (the value of y  for the 0-01 molal reference 
solution) which provided the ' best fit' to the experimental 
log,0 (y/y,)  results were obtained by the use of equations 
(0), (8), and (9). whilst in the second, 'best fit' values of 
K. KT, and y,  were obtained by means of equations (4), 
J.C.S. Dalton 
small decrease in KA can be compensated for by an increase 
in KT with very little effect on the standard deviation. 
RESULTS AND DISCUSSION 
The parameters obtained for selected values of it are 
shown for arninonium nitrate in Table 2 and ammonium 
iodide in Table 3. For the ammonium nitrate calcula-
tions the six experimental results 2  for the highest 
molalities and that for the lowest were omitted. When 
the results for the high concentrations (i.e., >0-I mol 
kg') were included systematic deviations from the 
best fit curve which we attribute to the breakdown 
of the Debye-Huckel equation occurred. The point at 
the lowest concentration (01026 >: 10 .2  tool kg ') was 
TABLE 1 
Recalculation of v. KA, and I&, for iodic acid 
10" d/m 	 y, -log11 Vi 	 K a/kg mol' 	K-r/kg mol' 10' 
5 	0-582, ± 00003 0234, 734 ± 0-06 1-75 ± 014 0-3 E'rogranime (P2' 
5 0583, ± 00003 0234, 	 716 ± 003 	2-04 ± 0-10 0-4 Prograntnie G2' 
5 	0-582, 0-234, 6-37 	 4-0 2-5 4 }<cI. 	II 
From values of log 10  V/Vi  given in ref. 	The point log,, v/v, = 0-0 for i n = m, = 0-09362 mol kg' was untitled. 	r The 
point log,, y/y, = 0-0 for in = rn, 009362 mol kg' was included. 	4 Calculated with programme G2 for the paraT11eter 	reported 
in ref. 11. 
lADLE 2 
Parameters for ammonium nitrate solutions 
K00 
10" a/rn KA/kg rnol' Y1 -log,, y, 103 a K.5fkg ,noit K;kg mol' y, -loe, 
20-0 369 ± 1-1 0-362 ± 0004 0-441 5-2 289 	6 77 	0-4 0-379 .-. 0-to2 0.42) 4-4 
16-22 362 ± 12 0-359 ± 0-004 0445 54 277 ± 6 8-0 ± 0-5 0-378 	0-0u2 0-423 44 
10-0 328 ± 12 0-358 ± 0-004 0-446 8-6 240 ± 6 76 ± 0-8 0-377 . 	0-002 0-424 4.4 
5•0 215 ± 8 0-373 ± 0-003 0-429 4-7 179 ± 5 2-6 	0-6, 0-381 	0-002 0-419 4.4 
3.39 97 ..L  7 0-399 ± 0-004 0-399 58 148 ± 5 -3-2 ± 0-6 0-385 ± 0-002 0-414 4-5 
TAULE 3 
Parameters for ammoniun, iodide solutions 
K-0 K5I) 
10" a/rn Ks/kg moI y, -log,, V. l0 K/kg moI' Kt/kg mol y, -log,,y1 103 e 
20-0 397 ± 23 0-363 ± 0-007 0-439 8-3 340 ± 14 44 :1:  0-6 0374 	. 0-004 0-427 7.1) 
16-22 392 	23 0-361 ± 0-007 0443 85 328 ± 14 45 ± 06 0373 ± 0004 0429 5() 
10-00 359 ± 23 0359 ± 0-007 0-445 8-8 290 ± 13 4.4 ± 0-7 0372 	0-004 0429 8-0 
5-0 243 ± 16 0-373 ± 0-006 0-428 7-6 226 	12 0-8 ± 0-7 0377 	0004 0-424 7-8 
3-67 143 	14 0-393 ± 0-006 0-406 8-5 196 ± Il -2-2 ± 0-7 0-381 .:, 0-003 0-42)) 7-6 
(5). (7), and (9). The two contputer programmes 0 (Gl and 
G2) used for these calculations were written in Fortran and 
used a general Icast squares procedurc to obtain the values 
of the parameters which gave the best fit - to the experi-
mental results as measured by the standard deviation c 





- I 	(y)tc ]s} (10) 
N - 	 y, 	 Vt ro 
parameters and .V the number of observations. Calcula-
tions were carried out for fixed values of the d-paranteter. 
A check on programme G2 was obtained from an analysis 
of the log (y/y,) results obtained by Pcthybridge and 
Prue" for iodic acid solutions in which the triple ion H 4 
(103 ), is formed. The value obtained for log,, y,  (Table 1) 
is in excellent agreement with that of Pethybridge and 
Prue." The slight differences between our values and 
theirs for KA and Kr may be readily accounted for since a  
omitted in the original analysis 2  and is believed to be 
unreliable as the observed cml. did not lie on the 
smooth e.m.f. vs. concentration curve. 2 The elimination 
of these seven ammonium nitrate results meant that the 
analyses made for both nitrate and iodide salts covered 
comparable concentration ranges. For the calculation 
of the parameters in Tables 2 and 3 the value log (Y!YL) = 
0 for in = 0-01 was treated as an unweighted experi. 
mental observation; its omission had no significant 
effect on the values obtained for y, K 5 . and Kr. 
The standard deviations in Tables 2 and 3 are all 
consistent with uncertainty in the experimental values 
of log (y/y) [± 0-008  based on ±0-2 n,V in the 'ubserved 
e.m.f. and ±0-004 in log,0 (snjm 1)j and it follows that the 
Copies of programmes will be supplied on request. 
" A. D. Pethybridge and J. E. Prue. Trans. Faraday Soc.. 
1967. 63, 2019. 
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experimental results for the two salts may be accounted 
for by both theoretical models. Although smaller 
standard deviations are obtained when triple ion form-
ation is assumed the decrease (always <00015) is not 
significant but is merely the consequence of introducing 
a third adjustable parameter. However the assumption 
of triple ion formation leads to marked differences in the 
parameters; for most values of d the differences between 
the estimates of log 10  y,  is larger than the uncertainty in 
the experimental measurements and cannot therefore be 
ignored. Calculations' 2 based on the Fuoss treat-
ment 13.14  indicate that some triple ions should exist in 
these solutions and the results obtained with K1 / 0 are 
therefore to be preferred although the correlation be-
tween KA and K1 is so high that their values must be 
treated with caution. This problem could be resolved 
by the independent determination of KA by some other 
method or perhaps by very precise e.m.f. measurements 
at concentrations lower than those used. 1 . 2 
As is to be expected, the value of y,  is insensitive to 
the d-parameter (especially for 10 < 10 10 d/m < 20) 
whereas that for K,. increases with d. The correspond-
ing change in the standard deviations is insignificantly 
small and cannot be used as a basis for the choice of d. 
Although the best available estimate of d is the Bjerrum 
distance q (= 16-22 x 10 0 m), this choice is not critical 
for the extraction of activity coefficients from the 
experimental results" since the change in y, (Tables 2 
and 3) which occurs where 1010  d is increased from 10 to 
20 in is less than the experimental error in Y/VL' The 
parameters calculated for low values of d (5 x 10 10 m) 
which we include for completeness in Tables 2 and 3 are 
not physically significant as the Debye—Huckel equation 
is unlikely to apply to ions at these distances in liquid 
ammonia. Tile negative values of Kr could perhaps be 
interpreted as an indication that if the only ion pairs 
present are those which occur at short distance, triple 
ions are unlikely. 
The fit between the ohserved and calculated values 
of log10 y/y, is illustrated in Tallies 4 and 5 for the case 
K1 '?6  0, 1010  d = 16'22 m. These Tables also include 
values for a, 3, and the difference A = 110910 (yIyi)r,i — 
log1, (yg'y,)i.  None of the parameter sets in Tables 2 
and 3 lead to systematic trends in A and the distribution 
of . values in Tables 4 and 5 may be taken as representa-
tive. 
The Bjerrurn treatment 16  for ion association gives the 
equation 
K,. = 4.VI 	exp (2q/r)r2dr 	(11) 
in which a is the closest distance of approach of the ions 
in the ion pair, and the equation 
1961 
for the change in K,. which results from a change in the 
closest distance of approach of the free ions. 1 "6 Values 
TABLE 4 
Comparison of observed and calculated values of log1, y/y, 
for ammoniurn nitrate (lOw d = 16-22 In. —log1, 
= 0-4228, K,. = 276-5 kg mol', K1 = 799 ki IiloI) 
10' m/ log 1 , (vi)',) log 1 , (y/y,) 
niol kg (ohs.) (calc.) 11 x 10 	3 
0-1427 0-240 0236 0-004 0832 0-25 
0'1892 0210 0209 0.001 0-802 0-24 
0'1915 0-203 0-208 —0005 0800 024 
0-2348 0-188 0188 0•000 0777 0-32 
0-2871 0-170 0166 0-004 0-753 0-42 
0'3559 0-141 0-141 0-000 0726 0-55 
04357 0- 117 0-116 0-001 0-699 0-71 
0-4441 0'114 0114 0-000 0-697 0-73 
0-5712 0-077 0-081 —0-005 0-662 41-98 
06310 0-070 0-068 0-003 0-649 1-10 
0-7197 0-042 0-049 —0-007 0-631 1-27 
0-8601 0-026 0024 0-002 0-606 1-54 
1•0000 0-000 0001 —0-001 0-585 1-80 
12846 -0-034 —0-038 0-004 0-551 2-32 
15118 —0064 —0-064 0-000 0-529 2-70 
1-7449 —0-091 —0-088 —0-003 0510 3-08 
1-8376 —0-104 —0-097 —0-007 0-503 3-22 
1-9639 —0-112 —0-108 —0-004 0-494 3-42 
2-0018 —0-107 —0-111 0-004 0-492 3-47 
2-1834 —0-129 —0-126 —0-003 0-481 3-74 
2-2346 —0-132 —0-130 —0-001 0-478 3-81 
2-4529 —0-141 —0-147 0-006 0-466 4-12 
2-6663 —0-155 —0-162 0-006 0-456 4-40 
2-1059 —0-166 —0-164 —0-002 0-454 4-45 
2-8880 —0468 —0-175 0-007 0-447 4-68 
3-0960 —0-184 —0-189 0-005 0-438 4-94 
3-7423 —0-218 —0-224 0-006 0-417 5-68 
3-9523 —0-237 —0-234 —0-003 0-311 .5-91 
4-3905 —0-263 —0-254 —0-009 0-400 6-35 
5-8637 —0-311 —0-311 0-000 0-371 7-65 
TABLE 5 
Comparison of observed and calculated values of log10 yy 
for ammonium iodide (1010 d = 16-22 In. —10910 Yi = 
0-4286. K,. = 328-1 kg IllOr', K1 = 4-53 kg mol") 
10' ml log 1 , (y/y) log,,(y/y 1 ) 
mol kg' (obs.) (calc.) . x 
0-1131 0-242 0-252 —0-010 0-835 0-07 
0-1509 0-223 0-226 —0-003 0-804 0-11 
0-1886 0-211 0-204 0-007 0-779 0-15 
0-2543 0-176 0-172 0-004 0-742 0-22 
0-3435 0-138 0-137 - - 	 0-001 0-703 0-32 
0-4403 0-108 0-106 0-003 0-869 0-44 
0-5760 0-070 0-070 0-000 0-632 0-59 
0-7266 0-037 0-037 0-000 0-600 077 
1-0000 0-000 —0-0I1 —0-0I1 0-555 I-OS 
2-2401 —0-158 —0-143 —0-016 0-448 2-29 
2-8604 —0-194 —0-186 —0-008 0-418 2-81 
3'5468 —0-217 —0-225 0-008 0-393 3-33 
4-5332 —0-266 —0-271 0-005 0-366 4-00 
5-6951 —0-322 —0-314 —0-008 0-343 4-69 
7-7580 —0-370 —0-375 0-005 0-315 5-72 
of AK,. (Table 6) calculated with equation (12) and 10 10 
dt = 10-22 m, 1010  d1  = 10-0 in are somewhat larger 
than the experimental ones. Avc- similar discrepancy 
, 
dr 	 " H. S. Ifarned and B. B. owen. - The Phv-ical Chemktry exp (2q1 r)r- (12) 	of Electrolytic Solutions.' Reinhold, Ne"- York. 1958 (3rd ecln). 
pp. 74. 297. 	 - 
II E. A. Guggenheim. Trans. Fa,ada' Sce, 1966, 62. 275(j. II 13. M. Lowe unpublished results. 	 " E. A. Guggenheim and R. II. Stokes. ' Equilibrium proper- 
13 R. M. Fuoss and C. A. Kraus, J. Amer. Che,n. .Si'c.. 1933, 55. 	ties of aqueous solutions of single strong electrolytes: Pertamon, 
2387: 1935. 57. I. 	 London, 1969. ch. 4. 
1962 
is observed'7 for the association constants obtained 
from the activity coefficient of dithionates of divalent 
cations in water at 0 °C (1010 q = 13'9 m) and it appears 
that equation (12) tends to overestimate the change in 
K,.. The values of a calculated with equation (11) and 
1010  €1 = 16'22 and 10'0 m (Table 8) are in good agree-
ment. Those found from the K,& results for K 0 and 
1010 d = 16'22 mare larger than the sum (r, + r_) of the 
crystal radii 7 of NH4NO (3'4 x 10 10 m) and NH4I 
(3'7 x 10-10 m) by 11 x 10-10 m and 05 x HY 10 in re-
spectively. Although both these separations are con-
sistent with solvent separated ion-pairs some of the 
other values of lOtO  [a - (r, + r_)]/m in Table 6 indicate 
J.C.S. Dalton 
these results using both the Pitts ''° and the Fuoss-. 
Hsia 21 equations in the form 
A = e[A° - (B,A° + B2)(ca)l  + 
E ca log,0 Ca + Jj ca - J2 (ca)] (13) 
(for an explanation of the symbols see the original papers 
and ref. 24) and the values obtained for the association 
constant K,., the molar conductance at infinite dilution 
A ° , and the standard deviation 0A  (based on the observed 
and calculated values of the molar conductance A) are 
given in Table 7. Franklin and Kraus' 8 made measure-
ments at —33 °C on concentrations between 594 x 10 
and 9515 x 10 mot dm 3 . Our analysis with all the 
TABLE 6 
Results of calculations based on the Bjerrum treatment 
NH1NO2(K 	0) NH4NO1(K7 	0) NH41(K 	0) 	 NF{ 1 l(K 	= 0) 
10 1 0 d/m 16-2 	10'0 16-2 	10-0 16-2 	10-0 16-2 10-0 
KA(expt)/kg mo1 277 ± 6 240 ± 6 	362 ± 12 	328 ± 12 328 ± 14 	290 ± 13 	392 ± 23 	39 ± 23 
K A(expt)/din0 mol' 401 ± 9 	348 ± 9 625 ± 17 476 ± 17 476 ± 20 420 ± 19 568 -J-  33 520 ± 33 
AK A (expt)/dm' moN 63 ± 18 49 ± 34 56 ± 39 48 	66 
AKA(eqn. 12)/dm' moN 99 99 99 99 
1000 a/rn 4-5 	43 40 	39 42 	4-0 	39 3-8 
1000 
(' 	 + r_)/m 34 34 3.4 3.4 3.7 37 37 3.7 
10b04 - (,.. + r_)]/m 1'1 	0-9 0-8 	0'5 0-5 	0-3 	0-2 0-I 
TABLE 7 
Parameters from conductance data for ammoniurn nitrate 
1-018 > 10'cjmol dm 0 > 0-00594 
Pittacqo. Fuoss.-Hsia eqx' 
1010  djon A°  A 
fl 	cmt mol' drn3 moN fl' cm' moN fi' cm' mol' 	dm3 molt fl0 cm 0 molt 
3.39 304-9 ± 0'9 111 ± 19 2-9 3046 ± 0-8 45 ± 16 2-7 
5-0 305-0 ± 0-9 148 ± 19 3-0 304-9 ± 0-9 	93 ± 18 29 
10-0 3051 ± 0-9 199 ± 19 3-0 3053 ± 10 182 ± 20 3-2 
16-22 304-7 ± 0-8 218 ± 18 2-7 305-3 ± 1-0 	241 ± 19 3-2 
1-0 16 > lOtc/mol dm' > 0-03669 
Pittseqn. Fuoss-Hsia 
io 	dim A ' 	A0 
fl' cm0 moI' dm' moIt 0' cm' molt fl1 cmt mo1' 	drn' mol-1 flu cm' moI' 
3.39 308-4 ± 0-6 159 ± 10 1-3 301.8 ± 0-5 88 ± 8 ii) 
5.0 308'7 	07 196 ± 11 1-4 308-3 ± 0-6 	139 ± 10 1-3 
10.0 3087 0'6 248 ± 10 1-4 3091 ± 0-7 233 ± 12 1-7 
16'22 307-9 ± 0-4 258 ± 7 1-0 309'1 ± 0-7 	291 ± 12 1-6 
that the existence of contact ion-pairs cannot be ruled 
out. The most important conclusion to be drawn from 
this analysis is that the association constants of both 
salts are certainly not larger than expected from electro.. 
static and statistical considerations. 
The only experimental results with which an inde-
pendent estimate of K,. may be made are those obtained 
from the early conductance work of Franklin and Kraus' 8 
on amxnonium nitrate solutions. We have analysed 
I? M. R. Christoffersen and J. E. Prue, Trans. Faraday Soc., 
1970. 66. 2878. 
OS E. C. Franklin and C. A. Kraus. Amer. Chem. J. , 1900, 23, 
277. 
' E. Pitts, Proc. Roy. Soc.. 1953. A. 217. 43. 
11 R. Fernandez-Prini and J. E. Prue. Z. pAys. Chem. (Leip:ig). 
1965. A, M. 373.  
reported results below 1'018 x 10 mol dm 3 ( 19 
observations) gave very high standard deviations (Table 
7) which arose predominantly from the results for the 
lower concentrations. Franklin and Kraus ' used a 
dilution technique which must necessarily have intro-
duced larger errors in the low concentration region. 
When the six points at lowest concentrations are elimin-
ated the results for the concentration range 0-00003659 < 
c <0-001078 mol dm 3 give a much lower standard 
deviation (Table 7) although the difference between the 
11 R. M. Fuoss and K-L. Hsia, Proc. Nat. Acad. Sci. U.S.A., 
1967, 59, 1560. 
" K-L. Hsia and R. M. Fuoss. J. Amer. CAirn. Soc., 1968, 90, 
3055. 
11 R. Fernandez.Prini, Trans. Faraday Soc.. 1969, 65. 3311. 
14 R. Fernandez.Prini. Trans. Faraday Soc.. 1968. 64. 2146. 
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observed and calculated A still show a slight systematic 
trend. For 1010 a = 1622 m, the values of K (258 ± 
7 dm3 moi' Pitts equation ' and 233 ± 12 dm 3 mol' 
TABLE 8 
Smoothed and rounded values of the mean molal stoicheio-
metric activity coefficients y in liquid ammonia at 
—40 C 
mimol kg-1 	y (NH1NO1) • 	y (NH4 !) 
0-001 0-696 	 0-682 
0002 	 0-604 0-588 
0-005 0-474 	 0457 
0008 	 0-409 0-393 
0-010 0-379 	 0364 
0-020 	 0-293 0-281 
0-050 0-109 	 0-191 
• Values calculated with lO" d = 16-22 m. —log16 Vt = 
0-4228. NA = 276-6 kg mol'. K? = 7-99 kg mol-'. & Values 
calculated with 1016 d = 1622 m. —log1, Vt = 0-4286. NA = 
328-1 kg molt. KT = 4-53 kg molt.  
1963 
found with KT 0 0 (401 ± 9 din3 mol'). This suggests 
that the association constants obtained with the assump-
tion of triple ion formation are to be preferred. 
Values of the mean molal stoicheiometric activity co-
efficients at rounded concentrations are given in Table 8. 
Those for ammonium nitrate are now closer to the values 
of Monoszan and Pleskov 23 than those originally re• 
ported.8 although still significantly different. It is 
clear from these values (Table 8) and the parameters 
in Tables 2 and 3 that ammonium nitrate and iodide 
behave similarly in liquid ammonia and that the con-
centration dependence of the activity coefficient may be 
interpreted in terms of ion association. 
We thank Dr. R. 0. Gould (University of Edinburgh) for 
making available his general least squares programme for 
use as a constituent part of our programmes. 
Fuoss—Hsia equation 21_23)  are in poor agreement with 	 2932 Received, 261/t ApiI. 19721 
that obtained with KT  = 0 (525 ± 17 dm3 moV', " A. Monoszan and V. Pleskov. J. P/is. C/tern. U.S.S.R.. 
Table 5) but in somewhat better agreement with that 1935. 6. 513. 
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Is Ammonia Like Water? 
This article sets out to compare some 
of the properties of the two most widely studied sol_ 
vents, water and liquid ammonia, and in particular 
to illustrate some comparative aspects which are not 
normally considered. 
It is customary to compare these protonic solvents 
in terms of acid-base behavior, solvolysis and other 
reactions, solubilities of salts, etc. As many reviews 
along these traditional lines are available in the lit-
erature the arguments presented here will be restricted 
entirely to comparisons between the physical properties 
of the solvents and their solutions. 
The task of drawing up a satisfactory comparison 
is made very difficult by the lack of experimental data 
over a range of temperatures. While there is a fair 
amount of detailed information on water and its solu-
tions over a wide temperature range, there are few 
quantitative data available for liquid ammonia solu-
tions at temperatures other than those near its boiling 
point, —33°C. It is at this temperature only that 
sufficient detailed data exist to permit some sort of 
comparison to be undertaken. As most data available 
for aqueous solutions are at 25°C, it would be most 
advantageous if data were to become available at 
about 10°C above the melting point of ammonia, 
i.e., at about - 65°C, and future researchers should 
endeavor to fill this gap. 
The lack of data over the liquid temperature range 
for ammonia is exemplified by the fact that the value 
of the solvent's dielectric constant, which might be 
regarded as the most important macro physical prop-
erty a solvent possesses, was not known, with any 
reasonable degree of certainty, below —40°C until 
recently (1, ). 
The dielectric constant of a solvent medium is the 
property upon which the ionizing power of the solvent 
depends. That for water is about 80, while that for 
liquid ammonia at —33°C is about 22, indicating 
that ammonia is a much poorer ionizing solvent than 
water. In simple terms this value indicates the extent 
to which a solvent is capable of separating the solute 
ions in the solution. Thus in a solvent of low di-
electric constant the coulombic forces between the 
positive and negative ions will be large. If we con-
sider a hypothetical situation of two point charges 
in a solvent the force required to separate them is 
given by the Coulomb law 
Pi 
where F is the coulombic force between the ions 
separated by a distance r, e is the electronic charge, 
and a the number of charges on the ions. The larger 
the dielectric constant, e, the smaller is the force 
required to separate the ions. 
The ionizing power of a solvent is also influenced 
by the ability which the solvent possesses to solvate 
or to coordinate to the solute ions. This again depends 
upon the dielectric constant, for this solvation energy 
is given by the Born equation as 
so 	(i_I) 
Thus ions will possess higher solvation energies in 
solvents of high dielectric constant. Consequently 
when ionic substances are dissolved in solvents with 
low dielectric constants (solubilities are usually much 
lower in these cases) the dissolved ions tend to remain 
paired in some form of associated species, whereas 
they are fully dissociated in solvents of high dielectric 
constants. 
Evidence for the existence of ion pairing is provided 
by examination of some conductance data. If the 
case of a simple uni-univalent electrolyte like potassium 
chloride is considered, then in aqueous solutions the 
conductance-concentration curve follows the Debye-
Huckel-Onsager equation satisfactorily, with the ap-
propriate limiting slope at zero concentration. A di-
divalent salt like magnesium sulfate produces con-
siderable deviation from the limiting law. Dunsrnore 
and James (5) showed that if the association of ions 
is as follows 
Mg(aq)' + SO,'(aq) = Mg''SO,'(aq) 
an equilibrium constant for the association can be 
calculated. This is similar to the dissociation con-
stant of a weak acid because the associated ion pair 
is regarded as providing no significant contribution 
to the conductance of the salt. By means of a suitable 
mathematical extrapolation an association constant 
of about 5.0 X 10-' mole 1_I  is obtained. Prue (4) 
has since discussed these results in a more rolined 
manner using the values obtained by the application 
of more recent mathematical treatments (5-8), to 
Dunsmore and James' experiments. The main argu-
ment, however, remains unchanged. 
in the case of liquid ammonia, deviation of the results 
from Debye-HUckel-Onsager theory is apparent even 
in the case of uni-univalent electrolytes, and it must 
be concluded that the association of the singly charged 
ions occurs to a very marked extent. The conductance-
concentration plots of potassium chloride in liquid 
ammonia (9) and magnesium sulfate in water are 
compared in Figure 1. The plots, which are similar 
in shape, differ only in numerical detail on account 
of the great difference in viscosity between the two 
lRepnnted from Journal of Chemical Education, Vol. 47, Page 619, September, 1970.1 
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FIgure 1. ConcentratIon varIation of IS. conductanc. of KC1 and Mg504 
In water and KCI In Squid ammonla. 
solvents, which results in the higher absolute mobility 
of ions in liquid ammonia. The association constants 
determined by methods such as the Shedlovsky (10) 
or the Fuoss-Kraus (11, 12) extrapolation are found 
to be 0.9 X 10 mole 11  for KCI in liquid ammonia, 
and 5.0 X 10 mole 1' for aqueous MgSO4. It 
must be noted that these association constants are 
of the same order of magnitude. 
Fuoss and Kraus (13) concluded that association does 
not stop at ion pairs but continues as the concentration 
increases with the formation of triplets, quadruplets, 
etc. For example, MX - + M ± MX-M and 
MX- + X X-MX-, with both species forming 
in equal amounts if M and X7 are of identical size. 
The ion pair MX - has no contribution to the con-
ductance of the solution, thus the formation of ion 
pairs causes the molar conductance of the salt to fall 
with increasing concentration. However, with an in-
crease in concentration an increasing proportion of 
triplet species are formed which contribute towards 
the conductance. The net result of these processes 
working in opposition is that as the concentration 
increases the molar conductance should pass through a 
minimum value. It is likely that this minimum con-
ductance phenomenon is never reached with aqueous 
uni-univalent electrolyte solutions simply because ion 
association does not occur to a sufficiently great extent 
in a medium of such high dielectric constant and the 
solubility determines the concentration to which the 
system may be studied. The effect is only likely to 
be observed in the case of aqueous solutions when 
the charges on the ions are large, e.g., in a tri-trivalent 
electrolyte such a lanthanum ferricyanide (14).  How-
ever, in solvents with low dielectric constants (say 
less than 10) in which there are high attractive forces 
between the oppositely charged ions, minimum con-
ductance is a common phenomenon (15), and the 
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lower the dielectric constant, the lower is the con- 
centration at which the conductance minimum occurs. 
Some sixty years ago Franklin observed some cases 
of minimum conductance with liquid ammonia solu-
tions, although the medium range dielectric constant 
of the solvent demands that ion pairing effects, while 
quite substantial, are not so great that the conductance 
minima are reached in the concentration range in 
which conductance studies are normally carried out, 
i.e., 10' mole 11.  However, all conductance mea-
surements have shown that the conductance-concentra-
tion curves are markedly concave (Fig. 1). 
Another useful comparison of the two systems may 
be made from a qualitative comparison of some Bjerrum 
"critical distances." Bjerrum (16) suggested, as a 
simple approximation, that the distance of closest ap-
proach of the ions in solution should be taken as that 
distance at which the mutual electrical potential energy 
of interaction, z+z_/eq between the two ions is equated 
to the thermal energy, W. Thus the "critical dis-
tance" 
2,JcT 
represents the distance within which all ions must 
be regarded as existing in pairs. This is obviously a 
crude approximation as there is no precise distance 
at which interaction starts and stops; the ions have 
also been considered as being point charges. There 
is the added complication that it is not known whether 
the paired ions in liquid ammonia are in contact or 
are solvent-separated. None the less, the critical dis-
tances can provide a good qualitative means of com-
paring the situation of ions in solvents with greatly 
different dielectric constants. If the dielectric con-
stant of liquid ammonia is taken as 22 and that of 
water as 80, then the Bjerrum "critical distances" 
at —33 and 25°C are as follows 
Ion charge ratio 	1:1 	2:2 	3:3 
Water 	 3.51 14.01 31.51 
Liquid ammonia 	17.01 	68.21 	152.91 
It can be seen from these values that the "critical 
distances" for di-divalent salts in water and uni-uni-
valent salts in liquid ammonia are strictly comparable. 
Thus at low concentrations, like 10 M, when the 
average separation of the ions is calculated to be 94 A, 
there will be a substantial number of ions which must 
be regarded as paired whatever mathematical dis-
tribution is considered. This number must be very 
similar in the two systems. 
Further data which are available for comparison 
between the two systems are the transference numbers 
of ions in water and liquid ammonia. Figure 2 shows 
the transference numbers for the cations in aqueous 
lithium (17), sodium (18), and potassium (19) chloride 
solutions and their variation with concentration. In 
the case of liquid ammonia the similar plots are linear 
(30) as shown for the corresponding nitrates in Fig-
ure 3. 
The cation transference number can be expressed 
simply in terms of the Onsager equation as 
x+ 	x+ °—B.,r 
= = - 2Brc 
- 
- 
in which B is the electrophoretic term and c is the 
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Figure 2. Concentration variation of tti• cation transference .,umbers In 
aqueous KCI, NaCI, and UCI solutions. 
concentration. In this form the relaxation term cancels 
out completely because it appears in identical forms 
for both the equations for X+ and A. From this equa-
tion it can be seen that, providing B is relatively 
small, the closer t+° approaches, 0.5 the more nearly 
linear will become the 1+ versus vre plot as is seen from 
Figure 2. With liquid ammonia, however, all the 
salts which have been accurately studied so far have 
provided linear i-,- versus fc plots, although they have 
° values which are considerably lower than 0.5 (Fig. 
3). 
The best comparison to draw here is that with the 
cation transference number properties of aqueous cad-
mium sulfate solution. Robinson and Stokes (21) have 
recalculated the transference data obtained by Jahn 
(22) for the Cd' ion in CdSO4 solution at 18° C. These 
produced a linear plot for 1+ versus vre with t+ ° 
0.396 at c = 0, and t-,. = 0.254 at c = 1.0 They 
argue that in this system ion pair formation creates 
an apparent "dilution" of the ions to produce a slight 
apparent lowering of the cation transference number. 
The ion conductance values obtained fit well with the 
Onsager equation providing that a rather small a 
parameter is used to compensate for the ion pairing 
effect. It is unfortunate that single ion conductance 
data are not yet available with a sufficient degree of 
accuracy over the right temperature and concentration 
ranges to enable a complete comparison to be made 
between calculated and observed cation transference 
numbers of uni-univalent electrolytesinliquid ammonia. 
Nevertheless, a close similarity between the cation 
transference numbers of uni-univalent salts in liquid 
ammonia and di-divalent salts in water does appear 
to exist. 
Another important solution variable which is worth 
\U+0.Osi O3 04 
ir mole'k 1f2 
FIgure 3. Concentration variation of the cation transference nun,bers in 
KN05, NoN05, and I.INO, iolutionsrnr.quid amn,ona. 
attention is the variation of the mean ionic activity 
coefficients in solution. Recent work (23) using the 
concentration cell with transference at —40°C 
11,/Pt 	NH,N0.(am) 	NH,NO,(am) 	Pt/H, 
(CO 	 (CO 
where (am) represents electrolyte dissolved in liquid 
ammonia, has shown that the activity coefficients of 
the ions in solutions of ammonium nitrate and am-
monium iodide fall extremely rapidly as the concentra-
tion is increased, as shown in Figure 4. 
0 	50 	100 	150 	200 
Molarity e iO 
FIgure 4. Concentration variation of mean niolal activity coefficient, in 
some satin in aqueous and Squid ammonia solutions. A, KCI (ao), 8, 
NH4'4Oi (am).—Saldntn and Gill 1 C, ZnSO, (aq), 0, NH,NO, ton,)—Pleskav 
and Monouan. 
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Also included in Figure 4 is the activity coefficient 
concentration plot for zinc sulfate in water (24). It 
is seen that these curves are similar and that the be-
havior of the di-divalent salt in water, from the point 
of view of activities in solution, is very close to that 
of the uni-univalent electrolyte in liquid ammonia. 
Thus one more piece of evidence that a 1: 1 electrolyte 
in liquid ammonia behaves like a 2:2 electrolyte is 
provided. 
The large change of ion activity coefficient with 
increasing salt concentrations in aqueous ZnSO 4 and 
in NH4NO3 in liquid ammonia solutions (at concentra-
tions less than 10_1 M), must also be attributed to 
the ion pairing effects which occur in these solutions. 
This is well illustrated by the much smaller change 
in ion activity coefficient with concentration for aque-
ous KCI solution (shown in Fig. 4) which shows the 
large difference which occurs in ion activity coefficients 
between salts in which negligible ion pairing is ex-
hibited (aqueous KCI) and substantial ion pairing is 
exhibited (aqueous ZnSO 4 and NH4NO2 in liquid am-
monia). 
Almost identical curves to that obtained with aque-
ous ZnSO4 solution are obtained with aqueous CdSO 4 
(25) and aqueous 1%49SO4 (26). 
The shape of the curve for NH 4NO3 (am) compares 
very well with that obtained from the data produced 
by Pleskov and Monoszan (27) in 1935 for N11 4NO1 
at -50°C using the cell 
H1/Pt NH4NO,(am) Sat. KCI NH,NO, (am) Pt/1T 
(C,) 	 (C,) 
The numerical data for these two sets of results are 
not in good accord and it is felt that the difference 
in temperature of the two sets of measurements is 
unlikely to account for such a large discrepancy. A 
possible cause may lie, however, in the liquid-liquid 
junction potentials which must have existed over the 
salt bridge of the Russians' cell. However, no data 
whatsoever are available at present in the literature 
concerning liquid-liquid junction potentials in liquid 
ammonia solutions, thus an explanation of the dis-
crepancy of results cannot be pursued along these 
lines at the present time. 
The activity coefficients plotted in Figure 4 are 
those for the nwlal scale of concentration. It has 
been found by the author that it is much more con-
venient to use the molal scale for liquid ammonia. The 
molar scale is useful with aqueous solutions only be-
cause the density of water is always very close to 
I Kg/I. 
The foregoing points have all been concerned with 
comparisons of the physical properties of electrolyte 
solutions in water and liquid ammonia. Many more 
simple comparisons of the two solvent systems may be 
made if simple reactions are considered. For instance, 
simple acid-base titrations can be carried out in both 
media, metathetical reactions are common to both 
solvents as are solvolysis reactions. Even the recent 
evidence (23) of the existence of the solvated electron in 
water (although its half-life is so short) is good evidence 
for similarity of behavior between the -two solvents. 
However, in spite of all the above evidence that water 
and ammonia are alike as solvents in all except degree, 
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many facts have emerged which illustrate some major 
differences existing between the two systems. 
One of the chief factors which governs the physical 
properties of water is the strong association of the 
molecules by hydrogen-bonding. The presence of hy-
drogen bonds between the molecules rather than weak 
van der Waals' forces is used to explain the high boiling 
points and high enthalpies and entropies of vaporization 
of both solvents. There can be no doubt that hydro-
gen bonding accounts for these anomalous properties 
in water, but strong hydrogen bonding of the same 
type might be open to some question in the case of 
liquid ammonia. 
For the solvent water, Morgan and \Varren (29) 
obtained a radial distribution function from X-ray 
data which indicates that between 0 and 80°C an 
oxygen atom has 4.4-4.8 nearest neighbors at 2.9 A 
and between 0 and 30°C, a further set at about 4.5 A. 
Close-packing of the water molecules would require 
O—O distances of about 3.5 A, indicnting that an 
open lattice with the well-defined strongly hydrogen-
bonded structure like that of ice exists within the 
liquid. Confirmation of this model has been provided 
by Danford and Levy (50). 
The fact that the water molecule possesses only 
two hydrogen atoms means that it is possible for the 
oxygen atoms to be arranged in a tetrahedral diamond-
like structure with the hydrogens lying on or near 
the internuclear lines between the oxygens. The situa-
tion in ammonia is quite different for it is impossible 
to arrange the nitrogens in a diamond-like framework. 
Some light has been shed on the problem by Kruh 
and Petz (31). They have obtained a radial distribu-
tion function for the nitrogen atoms in liquid ammonia 
at a series of temperatures. At - 74°C, 2°C above 
the melting point, each nitrogen has about 7 nearest 
neighbors at 3.6 A, and a further set of 4 next nearest 
neighbors at 3.9 A. In a study of the structure of 
solid ammonia Olavsson and Templeton (52) found 
that the nitrogens are arranged in a slightly distorted 
close-packed arrangement so that each nitrogen atom 
has six nearest neighbors at 3.6 A and a further set 
of six next nearest neighbors at 3.9 A. Furthermore, 
these workers concluded that the hydrogen atoms lie 
at a considerable distance from the line between the 
nitrogen atoms. In such an arrangement any non-
linear hydrogen-bonding which occurs over such long 
distances between nitrogen atoms must necessarily be 
regarded as being extremely weak. 
The work of Kruh and Petz suggests that when 
solid ammonia melts the molecules break apart -to 
produce a liquid which, at temperatures close to its 
melting point, has a structure which is subtantially 
the same as the solid. This different structure and 
mode of breakdown on melting must- also account 
for the absence of the phenomena of maximum density 
and zero point entropy which can be deduced from 
the work of Overstreet and Giaque (33). 
It is also of value to study the changes of density 
in the two liquids as the temperature is raised. Fig-
ure 5 shows that there is an almost linear change of 
density with temperature in liquid ammonia (34) in-
dicating a regular breakdown of the ammonia molecule 
"associates" in a manner analogous to most organic 






-80 	-60 	-40 
t(°C) 
Figure 5. Variation of the density of liquid ammonia with temperature, 
greater hydrogen-bonding ability shows only a very 
small change in density over the temperature range 
0_600 0, and only a relatively small increase in the 
rate of change with temperature over the range 60-
100°C as shown in Figure 6. This indicates a much 
greater reluctance on the part of the water to break 
down from its ice-like structure. 
The difference in the structure of the two solvents 
explains the low mobility of the hydrogen ion in liquid 
ammonia compared with its abnormally high value 
in water (SO) though it has been shown by Jolly (85) 
that the NH4 ion in liquid ammonia is some 75.2 
KJ molet (18 ICcal mole') more stable than the 
hydrated proton in water (each ion being referred to 
its parent solvent). It can, however, be argued that 
the lack of large scale association in liquid ammonia 
would reduce any abnormal mobility of the Nff. 
species, perhaps to an insignificant level. If association 
does occur, then. it must do so in linear arrangements, 
whereas water molecules can associate in three-di-
mensional patterns. The transfer of a proton in the 
conduction process is dependent upon the time of 
reorientation of the associated species, and this time 
is likely to be greater for a linear agglomerate than 
for a three-dimensional ice-like species. Proton trans-
fer would, therefore, be expected to be a much slower 
process in liquid ammonia. 
This article has presented just a few of the physical 
properties of the solvents and electrolyte solutions 
with which the solvents water and liquid ammonia 
can be compared. It has not attempted to be an ex-
haustive comparison of all the available physical vari-
ables which could have been compared. The ones 
which have been considered lead us to the conclusion 
that ion pairing effects in liquid ammonia are marked 







Figure 6. Variation of the density of waler with temperature. 
solvent are to be regarded as strictly comparable to 
aqueous di-divalent electrolyte solutions. On the other 
hand, some of the physical properties suggest that major 
structural differences exist in the solvent structures 
of the two solvents. 
The conclusion which must be drawn is that a gen-
eral scheme to describe the solvent behavior simply, 
which depends upon a few parameters alone, seems 
doomed to failure even in the case of two such "alike" 
solvents as water and liquid ammonia. Such schemes, 
at the present time, would appear to be beyond con-
struction for they would have to depend upon so many 
variables many of which are not yet fully understood. 
It remains, therefore, for future research work to make 
serious attempts to fill the immense gaps which exist 
in the available data on electrolyte solutions in liquid 
ammonia to enable a more coherent picture to be 
formulated. 
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The Determination of the Dielectric 
Constant of Liquid Ammonia 
J. BALDWIN and J. B. GILL 
School of Chemistry 
The University 
Leeds LS2 9JT 
England 
Most of the information presently available on the behaviour of electrolyte 
solutions is confined to aqueous media at 25°C and 1 atmosphere pressure. 1 
We have initiated a programme of work to determine quantities such as 
electrode potentials, conductances and activities of electrolyte solutions in 
non-aqueous solvents. In particular, we have studied the mobilities and 
activities of various ions in liquid ammonia solutions within the tempera-
ture range - 35° to -70 °C. 
A considerable volume of this type of work was carried out between 
1900 and 1940,2 but with certain notable exceptions, such as the conduc-
tance work of Hnizda and Kraus,' little of this can be regarded as con-
forming to the high standards of accuracy required at the present day. 
In the course of our recent work on the determination of activities of 
ions in liquid ammonia,4 we have found it necessary to use fairly precise 
dielectric data for the solvent in order to examine the applicability of the 
Debye-Huckel equation in the calculation of activity coefficients. At the 
outset of our work these data were not available in the existing literature 
at the standard of precision which was required. Grubb, Chittum and Hunt 5 
in 1936 carried out dielectric studies over the temperature range 5°C to 
35°C; Smyth and Hitchcock 6 worked at an imprecise temperature close 
to -70 °C, whilst Hooper and Kraus 7 worked at the boiling point of the 
solvent, -33 °C, a point perhaps atypical of normal liquid ammonia. We 
report, therefore, the results of our own accurate determinations of the 
dielectric constant of liquid ammonia. It has been brought to our notice 8 
that a recent survey of the temperature variation of the dielectric con-
stant of liquid ammonia has recently been made by Burow and Lagowski 9 
in which they used the heterodyne beat method. Their results are com-
pared here with our own. 
Please addr'ss all correspondence to J. B. Gill. 
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Fig. I. Summary of available data on the dielectric constant of liquid 
ammonia. 
Experimental 
The method involved the direct comparison of the capacitance of a cell 
containing liquid ammonia with that of the same cell containing air at 
very low pressure but at the same temperature. The cell consisted of two 
concentric platinum cylinders (10 cm long and 1.6 cm mean diameter) 
mounted on glass tubing to keep them about 0.1 cm apart. The platinum 
connecting leads, insulated with narrow-bore glass tubing, were brought 
out of the neck of the cell through a soda-glass pinch seal. The cell was 
mounted within a glass envelope fitted with a 0.8 cm gas inlet and a 
narrow-bore liquid outlet. The whole assembly was shielded with aluminium 
foil and mounted in a stirred bath containing light silicone oil in a thermo-
statted refrigerator unit. Temperatures, which were regulated to within 
± 0.02 O  were measured with a platinum resistance thermometer mounted 
within the aluminium shielding. This shielding also contained a periscope 
by which the liquid level in the cell could be observed. Outside the cell the 
connecting leads, mounted in rigid nylon tubing shielded with aluminium, 
were held in a fixed position as widely apart as possible. All the shielding 
was well earthed. 
The cell was washed with distilled water and pumped out for 48 hours 
at a pressure of 10' mm Hg. After this the cell was isolated from the 
P17 
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vacuum line. The capacitance of the cell was then determined at 5°C 
intervals of temperature between 0 °C and -70°C as the thermostatted 
bath was firstly cooled and secondly warmed. Similar determinations were 
carried out between -35 °C and 70 00 after liquid ammonia had been 
condensed into the cell. These experiments were carried out several times 
and agreement in readings to within 0.1 1LIX was obtained. 
Experiments made to assess the effect of the leads and of fluctuations in 
the level of liquid ammonia above the platinum cylinders indicated this to 
be insignificant, and all experiments were subsequently carried out with 
the ammonia level between 0.1 and 0.2 cm above the level of the cylinders. 
All the capacitances and conductance measurements were made with a 
Wayne Kerr B221/A. Bridge, upon liquid ammonia which had a specific 
conductance lower than 2 x 10 ohm 1  cm'. Below this value the 
capacitance of the cell did not vary significantly with the conductivity of 
the ammonia. 
Results 
Smoothed values of the dielectric constant, e, of liquid ammonia, 
were obtained from the following results using, 
Capacitance of cell filled with liquid ammonia - 
- Capacitance of cell filled with air at low pressure 
Temp. (°C) 	 - 70 	- 65 	- 60 	-55 	-50 	-45 	-40 - 35 
Cap. cell at low press. 	51.66 	15.84 	51.82 	51.60 	51.58 	51.65 	51.54 51.52 
(F) 
Cap. cell with liq. NH 3 	1339 	1302 	1265 	1232 	1200 	1170 	1141 
1115 
( 1qiF) 
Dielectric const. 	25.9 	25.2 	24.5 	23.9 	23.3 	22.6 	22.1 21.6 
of liq. NH, 
Consideration of the various sources of error in this work leads us to 
conclude that these results can be accepted as accurate to within ± 0.5%. 
The above graphical comparison of our results with those presented by 
earlier workers indicates that our results lie in good agreement with those 
of Burow and Lagowski, particularly at the higher temperatures in the 
normal liquid range. This agreement would appear to confirm both these 
series of results especially as the two sets of data were obtained by tow 
different methods of measurement. 
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Electrochemistry of Solutions in Liquid Ammonia. 
Part VII. The Use of Glass Electrodes for 
Ammonium and Sodium Cations as 
Ion-Selective Sensors at -40 °C 
Yvonne M. Cheek, J.  Bernard Gill, 
Sijbe BaIt, 2 and Willem E. Renkema 2 
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The behavior of Li/La glass electrodes as spec(/ic ion sensors (or NH and 
Na+ cations in liquid ammonia solutions at -40 °C has been assessed using con-
centration cells with transference.  The measurement of cmi's  of cells with very 
high resistances due to glass at -40 °C has been overcome partly by the use of 
thinly blown Li/La glass and mainly through the design and use of a floating 
shield' en/' measuring system. For solutions of Nl-14NO3 . NH4!, NH48F4 . and 
NH4CI almost linear pNH4 vs. emf responses were observed between pNH4 0 and 
5: for NH4NO3 solutions the slope (40± / mV/pNH4 ) was invariant for sub-
stantial increases in Na+  concentrations. Solutions of NaNO 3 , NaCN, 
NaC104 , NaNCS. NaN3 . and NaNO3 gave almost linear pNa vs. enif ,esponses 
but the slopes were markedly dependent upon the NH 4 concentrat ion. Estimates 
of the mean molal ion activity co/77cicnts for nitrate solutions were obtained from 
earlier transference  data: y .,. (NaNO3 ) = 0.14±0.02 and y (NH4 NO3 ) = 
0.30± 0.03 at /02  mo/al concentration in fair agreement. with earlier data. 
KEY WORDS: Specific ion electrodes; liquid ammonia; activity coefficients; 
lithium / lanthanum glass electrodes; pH determination. 
1. INTRODUCTION 
For some time past there has been an increasing need in our two 
respective research groups in Amsterdam and Leeds for the develop-
ment of efficient stable reversible electrodes to monitor the concentra- 
tDepariment of Inorganic and Structural Chemistry. The University, Leeds. LS2 9JT, England. 
1 13lepartment of Inorganic Chemistry. The Free University: Amsterdam. Holland. 
u"" 0095.9782183/lZOO.0g29503.00,O K') 1983 Plenum Publishing Ccuporaiion 
L. •.. 
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[ions and activities of cations in solutions of liquid ammonia. This 
practical development is essential for the support of both the mechanis-
tic studies t24  carried out by the Amsterdam group and the investiga-
tions of ion-pairing (l.58)  and metal complexation 9 at Leeds. 
The mechanistics of exchange between a ligand L and molecules 
of the solvent contained in the inner- and outer-coordination spheres 
of a number of transition metal cations has been previously 
reported. 24  It is clear that the interpretation of these processes re-
quires the knowledge of the equilibrium constant K. for the acid dis-
sociation, i.e., the conjugate acid-base process between the inner-
coordination sphere and the solvent, 
K. 
[LM(NH) Jn, + NH 3 = NH + [LM(NH,) 4(NH)P" 1 
In parallel with these mechanistic studies another program has 
been going on at Leeds aimed at an improved understanding of ion-
pairing phenomena, t56 and the types of ion-pairs and metal ion-ligand 
associates which occur in liquid ammonia. To this end many 
electrochemical and vibrational spectroscopic experiments have been 
carried out. The early electrochemical experiments involved the use of 
concentration cells with transference containing either hydrogen on 
blacked platinum e lec t rodes UO.W or metal/ metal ion electrodes." We 
found that H 2 gas on Pt black electrodes are excellent reversible 
sensors for the NHt ion activity in ammonia at -40 1C and below with 
stabilities of the order of ±0.2 mV. However, the experimental 
manipulative difTiculties involved and the long settling times 
required ° ' 21 following changes of concentrations render the use of this 
electrode impracticable as a sensor for NH ions in titration work. Of 
the metal/metal cation electrodes we have found that the 
Ag/Ag 4 (am) couple behaves well,UM  as does also the Pb/Pb 2 (am) 
couple 21  reported in the earlier literature." 3 In the absence of a reli-
able anion responsive electrode for liquid ammonia solutions either of 
these may be used as a reference electrode. We prefer to use the 
Ag/Ag(am) couple. 
An extensive study of ion-pairing in liquid ammonia by vibra-
tional spectroscopy 6 has led to the identification of a number of dif-
ferent specific ion-paired species which coexist in equilibrium for 
lifetimes longer than the spectroscopic event. Thus it has been possible 
to establish, on a qualitative basis, the equilibria between these ion-
pairs and the corresponding free ions. Quantitative data concerning 
830 
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these equilibria are much more difficult to establish. Even solutions of 
simple 1:1 electrolytes in liquid ammonia are highly non-ideal. The 
concentration variation of ion activities is large, and activity coefficients 
are small at low concentrations, e.g., y is 0.265 in a 102  molal 
NH4N0 solution at -40 °C. Thus, an assessment of the equilibria 
between ion-pairs and free ions, even on a semi-quantitative basis, 
cannot be achieved without prior knowledge of the activities of the 
species in the system. The ultimate aim is a comparison of the ion-
association constants acquired from spectra (where the bands can be at-
tributed to individual component species to which these constants will 
be related) with the ion-association constants obtained from measure-
ments of bulk properties (such as conductance where the constants ac-
cummulate all the individual ion pairing constants to give a composite 
overall ion-association constant). One good example where such a 
comparison has been achieved is the comparative study of the Raman 
spectra and conductance of AgNO 3 solutions in acetonitrile by Janz and 
Muller. 
Thus the question is posed. Can a glass electrode be used to 
monitor the activities of Na cations in sodium salt solutions in liquid 
ammonia? 
It became apparent to us in 1979-80 that the glass used in the 
conjugate-acid base determinations reported earlier t21 may not only 
have the property of responding to the NH ion activity but that it may 
also be sensitive to certain other ions such as. Na. The work 
described in this paper was undertaken to assess the response of this 
glass, Electrofact-S (La 3, 30%; Li 20, 20%; Si0 2, 50%) towards NH 
and Na + ions both separately and in mixed solutions, and hence assess 
the experimental potential for the use of these electrodes for the deter-
mination of the activities and concentrations of NH and Na in 
electrochemical cells. 
The Iirst attempt to use glass as a membrane electrode material 
in liquid ammonia solution was probably by Ueyn and Bergin 51 who 
investigated a number of different available glasses. Although they 
claimed that it was not due to the high resistance of the glasses they 
were using, they were unable to detect any response at all to changes 
in the NH ion concentrations. Jolly and Shiurba reported" 61 the titra-
tion of an ammonium salt with KNH 2 in liquid ammonia using a glass 
working electrode and a bright Pt plate as a reference. Although this 
experiment appears to have been carried out at the boiling point of 
liquid ammonia in an open Dewar vessel with the consequent pos-
sibility of ingress of water, the result clearly demonstrated a sharp 1:1 
go 
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end-point for the titration. They also claimed that between concentra-
tions of 10 and 10 3M the glass electrode responded linearly to 
iogENHi with a slope of 50 mV/pNH 4. Assuming ideal solution be-
havior, calculated Nernstian slopes of dE/dpNH 4 are 46.25 and 47.64 
mV / pNH 4) at -40 and -33 °C, respectively. The low ion activity coef-
ficients and the ion association constants for ammonium salts of 
 —SOOM' obtained from both emf t8 and conductance Ul)  data demand 
that the obtained experimental slopes should be numerically much 
lower than those calculated for ideal solutions. Further comment may 
be made on this titration in view of the lack of response to NH ions 
shown by the glasses used in the Heyn and Bergin work and the use of 
a bright Pt reference electrode by Jolly and Shiurba. We have often 
found bright Pt to respond well to NH 4' ions in ammonia. While it 
does not give accurate reproducibility of potentials for a Pt-NH 4 equi-
librium the potential is usually reproducible to within a few millivolts 
and many titrations have been carried out in the past using Pt metal as 
sensor. 8) 
The use of glass electrodes for the measurement of K. data for 
transition metals described by Bait and de Kieviet 2 followed reports of 
the successful use of glass electrodes in liquid ammonia solutions by 
Simon and Baumann." 91  The latter authors determined the pK 1 values 
for a number of simple organic acids in liquid ammonia by pH titration 
methods. However, they used glasses which had been previously 
hydrated by immersion in water just before the measurements were 
undertaken in liquid ammonium solutions. Thus again we must raise 
the question as to whether their measurements were carried out in a 
strictly anhydrous medium. 
2. APPARATUS 
Previous experiments in Amsterdam using a conventional design 
of glass electrode with a thinly blown ElectrofactS glass bulb 
membrane were carried out in cells of Types I and II, 
Glass f NHX(am) fl AgCI(satd.),KCI(satd.),(am)  I Ag(s) 	(I) 
Glass NHX(am) II Pb(NO) ) (satd.) (am) I Pb(s) 	(II) 
The emf's of these cells, set up in stainless steel were measured using 
an EIL-7050 pH meter. 
The emf measurements described in this paper were made at 
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glass electrodes, 
Glass(1) I NHXim 1) II NHX(m 2)I Glass(2) 
(am) 	(am) 
or 	 (III) 
Glass(1) I NaX(m 1) It Na 4X(m) Glass(2) 
(am) 	(am) 
(rhe cell body was constructed of borosilicate glass. Each half-cell con-
;tained two glass electrodes and a Pt wire was used as a ground refer-
ence electrode. The concentration m 1 of the LH half-cell compartment r. 
was maintained constant, usually close to 10 2m, so that this half-cell ef-
fectively become the reference electrode with the RH glass(2) electrode 
the working electrode. The two half-cells could either be separated or 
brought into electrical contact by means of a tap containing a glass 
sinter (porosity 4) within the bore of its key. The emf of this cell is 
given by 
E = 2RTtjF f dma 
net 
= 4.606 RTtjFlog(a 1 /a2 ) 
• .. nere t_ is the anion transference number, and a 1 and a 2 are the ac-
tivities of the solutions in the LH and RH cell compartments. This cell 
'avoids the problem of unknown liquid-liquid junction potentials which 
would be introduced with cells of types I and II. This is especially im-
portant for liquid ammonia solutions because experimental evidence 
fsuggests °20 the possibility of large liquid-liquid junction potentials, 
rand no reliance on the calculation of these from ion mobilities based on 
the Henderson me thodt 22 t can be expected. 
Initial experiments were carried out separately on Möller-HA 
glass and Electrofact-S glass. The Möller-HA glass was similar to that 
Used in the earlier work reported by Simon and Baumann. 9t Consis-
tent with their findings this glass gave a poor response to NH cations 
)Yhen used directly as an electrode membrane in liquid ammonia. To 
improve the NH response it was necessary to pre-soak the glass in an 
aqueous medium before its introduction into ammonia. With 
;Electrofact-S glass (Li 20, 20%; La 20 3, 30%; Si0 2, 50%) good response 
to the NH 4 cation was obtained after soaking the dry newly fabricated 
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Fig. 1. The variation of the resistance of (a) a standard pH glass electrode, and (b) a 
Li / La glass electrode (Electrofact-S) with temperature. 
electrodes for a short period in a dilute solution of NH 4NO )  in liquid 
ammonia. 
The principal problem faced in the measurement of cell emf's was 
caused by the very high resistance of the glass. Conventional glass 
electrodes have resistances of about 10 7fl or greater at ambient tem-
peratures. In cell arrangements incorporating glass electrodes at sub-
ambient temperatures our measurements indicated a massive increase 
in resistance with decrease of temperature as shown in Fig. 1. 
Electrofact-S glass, especially if thinly blown, is a glass of some-
what lower resistance than most other electrode glasses. It also has a 
lower temperature coefficient of resistance. Consequently, at tempera-
tures between -40 and -60°C, our electrodes had resistances in the 
range 10b010I2  Cl. In the cases of other normal glasses we tested the 
resistances increased from around 107I08  Cl. at ambient temperature up 
to 10H10U  Cl at -20°C. Because the input impedances of the best' 
available proprietary pH instruments lie only at the high end of this 
range and just above, it was clear that Electrofact-S glass at -40 °C is at, 
or beyond, the resistance limit at which measurements could be made 
on currently available equipment. 
To achieve rapid instrument response and stability, and satisfac-
tory precision of measurement, the impedance of the input amplifier 
should be about 2-3 orders of magnitude greater than the cell resis- 
ci,llerenl.aI 
amplte' 
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Fig. 2. Diagrammatic layout of the very high input impedance emf measuring device. 
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FIg. 3. Comparison of (a) the measuring system for a standard glass pH electrode with 
(b) our iloating shield' system for a glass electrode of very high resistance. 
tance, i.e., of the order of 1014-1015 fl. Our decision to use a con-
centration cell based on two glass electrodes did not help. To solve this 
extremely high input impedance problem we designed and built an emf 
measuring device based on the use of 6 differential input amplifiers the 
tayout of which is illustrated in Fig. 2. Each electrode (4 glass and 2 
bright Pt wires) was attached to its own dedicated detector [1 to 61. By 
means of a multiway switch the emf across any pair of these electrodes 
could be obtained on a standard impedance digital voltmeter. 
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FIg. 4. Design of the doubly shielded Li I La glass electrodes. 
The solution of the high input impedance problem was achieved 
by the use of a doubly shielded glass electrode whose potential was 
sensed on its own dedicated 'floating-shield' emf measuring device. 
The principle of this is illustrated in Fig. 3(b). 
In a conventional pH-measuring system the emf of the cell is 
measured across the signal from the high resistance glass electrode and 
a low impedance reference electrode such as a saturated calomel 
electrode. In this case the signal from the reference electrode is 
grounded directly to the shield of the glass electrode and its connecting 
cable as illustrated in Fig. 3(a). Measurement is then effected by an 
impedance transformer amplifier. The total electrical resistance of this 
arrangement is R totai = RbIC + R ceii + R smpiier 101, fl. 
Our floating-shield arrangement, 3 Fig. 3(b), uses the shortest 
UN 
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possible lengths of triaxial cable whose two concentric shields are both 
taken unbroken and as far as possible into the glass electrode (Fig. 4). 
The signal from the glass electrode is sensed on a very high impedance 
detector-amplifier (AD 515 L) used at a X 1 gain level. From this 
amplifier the output is fed back on to the 'floating' inner shield and 
also on to a conventional measuring differential amplifier which corn-
pares this electrode potential signal with that of a similar glass electrode 
in the other half-cell. 
The outer shields of the glass electrode and the triaxial cable is 
grounded as in a conventional system. The voltage between the signal 
Lwire and the inner shield must be zero. The total resistance of the 
'floating-shield' arrangement R S5 I.(Ih = Ramper 10 14 40 15  fl With ea 
a resistance of this magnitude it is imperative that the triaxial cable and 
'connectors are made from the highest quality low-loss materials avail-
able (our equipment used specially made triaxial cable and Huber and 
Suhner connectors). Careful cleaning of all components and circuit 
'boards before assembly was also essential. 
The electrodes were fabricated as shown in Fig. 4. They con-
:tained a Ag / AgCI electrode in 8M HCI aqueous solution. At this con-
centration aqueous HCI solution does not freeze at -80 °C and the 
electrodes could be used down to -60°C. Because they were used 
below 0°C they were fitted with cappings to permit evacuation of the 
upper assembly and shields; and to prevent ingress of moisture, silica 
gel was placed in the caps. 
The construction of the concentration cell and the standard flasks 
üsed for solution preparation were essentially as described earlier. W 
The settling time of the cell to a steady emf (better than ± 1 mV) 
vhen opened across two glass electrodes in opposite half-cells was 
about 1 minute at -40°C and about 10 minutes at -70°C. When used 
at -40 0C this settling time can be attributed essentially to the R-C 
1 ffect of the electrical measuring device and not the time taken by the 
glass to respond to changes in its environment. 
i. . 	To approximate as nearly as possible to conditions of ther- 
modynamic reversibility, it is important to minimize the current which 
may pass through the cell. In a conventional system at room tempera-
ture currents should be kept below 10 a. In the apparatus described 
here it was necessary to keep cell currents below iO a. Such a low 
current level explains why such great care and attention to detail in ap-
paratus and electrode design was necessary because even the most 
minor leak to earth would have been unacceptable. 
ME 
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Fig. 5. Titration of 50 ml of a solution of 1.2x 10 molal NH 4NO2 with a 
solution of 5.6X 10.1  molal KNH 2 in liquid ammonia. 
3. EXPERIMENTAL RESULTS AND DISCUSSION 
3.1. Titration of NH with NH 2 and Response to NH 44 
The Electrofact-S glass electrodes were found to be excellent 
sensors for NH activity in acid-base titrations in liquid ammonia. The 
change in emf across a cell in which a solution of 50.0 ml 1.2 x 10. 2 
molal NHNO 3 in the RH working half-cell was titrated with a solution 
of 5.6 X 10. 2  molal KNH 2 is shown in Fig. 54  The reference LH half-
cell contained two Electrofact-S glass electrodes immersed in a 10 2 
molal NH 4NO 3 solution. The end-point was well-defined with a sharp 
step in emf of greater than 120 mV. 
For a given pNH 4 in the working half-cell, different pairs of 
electrodes gave different cell voltage readings. When the results from 
the 4 pairs of electrodes were plotted on the same scale the 4 titration 
curves were found to be identical to within ± I mV when overlaid. 
Thus, while cell voltages across different electrode pairs might be 
am 
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widely disparate, relative voltage changes corresponding to a given 
pNH 4  change were identical to within ± I mV. Our measuring equi-
pment was not provided with the normal 'back-off' facility for standar-
dization which is built into proprietary pH meters. Accordingly, to 
compare emf's it was necessary to make a simple emf correction on the 
basis that concentration cell III, with solutions of equal concentrations 
in its two half-cells i.e. m 1 = m2 = 10. 2  molal, will have a zero emf. 
Although we have not determined the response of the 
Electrofact-S glass towards K cations in ammonia some evidence for 
K response is to be inferred from the concavity of the first part of the 
titration curve shown in Fig. 5. In this region the recorded emf falls 
from 112 to 105 and back to 112 mV at 0, 3.0, and 7.0 ml of added 
KNH 2 respectively. In this region of the titration NHt ions are being 
removed from solution by the addition of NH ions. Over this range 
the rate of change of logENH] relative to the initial log[NHi is sig-
nificantly less than the rate of change of logEKi. Moreover the partial 
contributions from these concentration changes to the recorded emf 
will occur in opposite senses as ENH) tOIaI diminishes and [Ki jotai in-
creases, accounting for the concavity displayed. 
3.2. Quantitative Assessment of the Electrode Response to NH and Na + 
Cations 
Cell III was arranged so that the concentrations (and activities) of 
NH cations in the RH working half-cell could be changed by the ad-
dition of accurately weighed amounts of salt. The LH reference half-
cell contained either a 10 molal solution of an ammonium or sodium 
salt. Common anions were always used in the working and reference 
half-cells to eliminate the possibility of liquid-liquid junction potential 
problems which might arise from the use of different anions. Ad-
ditions of salts were made using a specially designed weighing bottle 
whose lid could be removed and replaced when inside the cell body 
above the liquid level. This operation was carried out in a stream of 
dried 0 2-free N 2  gas. The solutions were stirred magnetically before 
emf readings were taken. 
EMF's were recorded for a range of concentrations of ammonium 
nitrate, iodide, and fluoroborate. Figure 6 shows the plot of emf vs. 
pNH 4 for NH 4NO 3 solutions. This is linear within the PNH 4 range 0 to 
S and with a Nernstian-type slope of 39.0 mV/pNH 4. For ideal 
Nernstian response the slopes at -40 and -60CC should be 54.0 and 50.1 
mV/pNH 4  respectively. The other ammonium salts investigated 
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FIg. 6. Cell emf vs. pM for NaNO 3 and NH 4NO3 solutions in liquid ammonia. 
showed similar Nernstian-type behavior, with the following slopes in 
the pNH 4 range 0 to 5: NH 4NO 3, 39.0; NHI, 38.6; NH 4BF 4, 35.6; and 
NH 4CI, 32.0 mV/pNH 4. 
The deviation from the calculated Nernstian slope may be used r.., 
a measure of the non-ideality of the solutions, and with a knowledge of 
the anion transference numbers can provide mean ion activity coef-
ficients and sometimes ion association constants, KA. Earlier work 110 
using H 2 on Pt black electrodes established almost identical ion activity 
coefficients and ion association constants (K,, — 400-500M') for the 
ions in NH 4NO 3 and NH 4! solutions in liquid ammonia. This infers 
very similar ion-pairing behavior between 1 and NO 3  anions in these 
solutions. It is to be noted that the emf/pNH 4 slopes obtained from 
the glass electrode data for these two salts are almost identical and thus' 
concur with previous work. 
For the four ammonium salts studied the emf response of the 
glass electrode fell off markedly when pNH 4 >5 tending asymptotically 
to a value of —125-130 mV at high pNH 4 or in tpure' liquid ammonia. 
Two explanations present themselves. The glass could fail to respond 
to NH 4* ions when the activity of that ion is low. Perhaps a more likely 
explanation arises from the use of glass apparatus and vessels with 
liquid ammonia solutions. The contact of glass with liquid ammonia is 
likely to result in the release of any hydrogen ions bound near the 
ME 
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surface of the glass as NI -It. If this is so then it can be expected that 
contact of liquid ammonia with glass will result in the formation of a 
solution in the pNH 4 range 6-8. Some support for this hypothesis can 
be drawn from the earlier work which used cell I in a stainless steel 
body. 2 In this case the linear emf vs. pNH 4 response from pNH 4 = 0 
to 5 was thought to continue to higher pNH 4 values. 
To follow the response of Electrofact-S glass towards Na + cations 
the cell was set up and operated in essentially the same manner as for 
the ammonium salts. 
The result for NaNO 3 solutions in Fig. 6 shows linear Nernstian-
type response towards Na cations over the pNa range 0 to 4.5. Above 
pNa 4.5 the emf/ pNa curve reduced in magnitude with increasing pNa 
but not as rapidly as the corresponding curves of pNH 4. The emf/pNa 
slope of 22.8 mV/pNa was much lower than that obtained for any of 
the ammonium salts and almost certainly reflects the lower ionic ac-
tivity coefficients and the increased degree of ion-pairing in sodium salt 
solutions compared with ammonium salt solutions, it is interesting to 
compare this result with evidence of ion-pairing gained from the vibra-
tional spectra of sodium and ammonium salt solution in liquid 
ammonia. t52 This indicates a greater proportion of solvent-shared 
and/or solvent-separated ion-pairs and a smaller proportion of contact 
ion-pairs in ammonium salts as compared with the corresponding 
sodium salt solutions. if this is so, a purely qualitative argument will 
quickly lead us to conclude that activity coefficients must be lower in 
sodium than in ammonium salt solutions in ammonia. 
The response of the electrodes to Na ions with a number of dif-
ferent co-anions has been followed. All of these gave different linear 
èmf-pNa responses between pNa of 0 and 4.5 indicating a range of 
mean ionic activities in these solutions: NaNO 3 , 22.8; NaCN, 21.0; 
NaCI0 4, 20.0; NaNCS, 18.1; NaN, 17.9; and NaNO 2, 17 mV/pNa. 
The response of the Electrofact-S glass electrodes was tested for 
NHt ions in the presence of Na ions in liquid ammonia and vice versa. 
A solution of 0.993X 10 molal NH 4NO 3 was placed in the reference 
half-cell. Into the working half-cell were placed successively solutions 
of NaNO 3 at 2.1X 10, 2.IX iO, and 2.3X lO molal concentrations. 
,To each of these solutions successive weighings of NH 4NO 3  were added 
as in the previous experiments. 
No signiflcant deviations from the emf vs. pNH 4 plot shown in 
Fig. 6 were observed for any of the three solutions; the slopes for all 
three experiments were 40 ± I mv/pNH 4 . 
In a similar series of experiments, the effect of added NH 
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Fig. 7. Cell emf vs. pNa at various fixed concentrations of Nut ion. 
cations on the electrode response towards Na + cations was investigated. 
Using a solution of 0.998X 10 2  molal NaNO 3 in the reference half-cell 
three successive experiments were carried out in which increasing con-
centrations of NaNO 3 were measured in the working half-cell contain-
ing solutions of 1.2X io, 1.2X io, and 1.3X iO molal NH 4NOJ, 
respectively. The results are displayed in Fig. 7. 
Even with the concentration of NH 4NO 3 as low as 2X lO molal, 
the slope of the emf/pNa plot is markedly reduced from 22.8 to 13.5 
mV/pNa. With further increase in the NH 4' ion concentration the 
slope continues to reduce rapidly: at a concentration of LNHtJ = iO 
m it has reduced to 6.7 mV / pNa. Furthermore, the range of pNa over 
which the electrode response shows linear behavior is significantly 
reduced by the addition of NH' cation: when pNH 4 = 3 the response 
to Na' ions remains linear only between pNa = 0 and 3. 
Thus, it is clear that selectivity of the electrodes towards NH 4' 
ions in the presence of Na' is good, and the electrodes are usable for 
the determination of pNH 4 in sodium salt solutions down to pNa = 5 
and probably much lower. On the other hand care must be taken if the 
electrodes are to be used as ion-selective monitors of pNa bccause 
when pNH 4 <5 considerable interference occurs from the NHt ion to 
which the electrode is far more sensitive than it is to the Na ion. 
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3.3. Determination of Activity Coefficients 
Concentration cells with transference. can provide a means by 
which the mean ion activity coefficients can be calculated providing suf-
ficiently accurate anion transference number data are available. For 
both NH 4NO 3 and NaNO 3 solutions in liquid ammonia solutions these 
data are known to a good level of precision. (Th 
The method of calculation, presented fully in an earlier paper, (1W 
depends on the use of the following equation 
log (72/71) = EF14.606Rt,- 109(m21m,) 
1 m2 	 I v2 - - tdlogm— - 	idlogy 
tj 
where y I and 72  represent the mean molal ionic activity coefficients at 
molalities m, and m 2, and m, is the fixed concentration of the reference 
half-cell. The anion transference number it at molality m, is related to 
the anion transference number t2  at molality m 2 by 1 1 = t + A I. 
Of the terms on the RHS of the equation the last is insignificant 
and may be neglected. Values of the third term can be obtained by 
graphical integration of the &. vs. log m plots. Transference data are 
known for a series of temperatures from -45 °C and below. 23' Anion 
transference numbers for -40 °C extrapolated from these data were only 
marginally lower than those at -45 °C. The third term of the equation 
is small but significant and together with the experimental data from 
the concentration cell incorporated into the first two terms provides a 
set of values for log (y2/y,).  Figure 8 shows the extrapolation of 
these results against (rn2 ) 114. At infinite dilution when rn 2 = 0, log 72 
= 0 and log y, is obtained. 
• 	The quality of the result depends principally upon the quality of 
this extrapolation. A cell with glass electrodes of the type we have 
used in these experiments cannot be expected to produce emf data of 
the same quality as those obtained from H 2 on Pt electrodes. In our 
cells we had to disregard the problem of drift in asymmetry potentials 
of the electrodes. We also had to refer the measured potentials to a 
relative scale based on the reasonable premise that in a cell with rn 1 = 
in 2, the emf will be zero. A reasonable estimate of errors in our 
measurements would be ± 1 to ± 2 mV on the emf's. This naturally 
led to a much lower accuracy of the log (72/7,)  terms than was ex-
perienced in the previous work with cells incorporating the H 2 on Pt 
electrodes, and a much less satisfying extrapolation of these data. 
EM 
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FIg. 8. Plot of 109(y 2 /y 1 )vS. (1n)
114  for NaNO 3 and NH 4NO3 in liquid ammonia. 
However the result of yj = 0.30±0.03 for NH 4NO 3 solutions 
compares very favorably with that of y = 0.265 obtained previously. 
We interpret the fair concordance in these data as further evidence that 
the Electrofact-S glass electrodes respond as good ion sensors to the. 
pNH 4  of the solutions. 
Extrapolation of log (72 1 7 ) for NaNO 3  solutions is more difficult 
because the slope of the plot is steeper than that for the NH 4NO 3 solu-
tions, and log(y 2 /yt) is less accurately determined; a value of y 1 
0.14±0.02 results for the mean molal ion activity coefficient for the 
ions in a liquid ammonia solution of NaNO 3  at 10.2 molal concentration. 
That the ion activity coefficients for NaNO 3 solutions are 
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may be interpreted in two ways. It could simply indicate a higher 
degree of ion pairing in NaNO 3 than in NH 4NO 3 solutions. On the 
other hand it might reflect the fact that the overall degree of ion-
pairing is comparable in both salt solutions but that the distribution of 
species types differs between the two salt solutions. We prefer the 
second interpretation which, together with the Raman spectra obtained 
from these solutionst21  leads us to the conclusion that NaNO 3 solu-
tions contain a correspondingly higher proportion of contact ion-pairs 
than NH 4NO 3  solutions, whilst a higher relative proportion of solvent-
shared and solvent-separated ion-pairs exist in NH 4NO3  solutions. 
In conclusion it is interesting to note that, concurrent with the 
start of our work, Schindewolf et al. established a Na ion responsive 
electrode which worked efficiently in sodium metal-ammonia 
solutions.' 24 This consisted of solid Na metal encased in a solid con-
ducting electrolyte of sodium-/3-alumina. It will be interesting and 
productive to compare the behavior of this electrode as a Na ion 
selective electrode with the glass electrodes investigated in this work. 
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First Determinations of Complex Formation Constants in Liquid Ammonia Solutions 
using Potentiometric Titrations: Cyano- and Thiocyanato-silver(l) Complexes at 233 K 
Yvonne M. Cheek, Peter Gans, and J. Bernard Gi1l 
Department of Inorganic and Structural Chemist,',', The University, Leeds LS2 9JT, U.K. 
The first stability constant determinations in liquid ammonia solutions for complexation of Ag by CN and SCN -
are reported, and the anomalous order of the stepwise constants for the formation of AgCN and IAg(CN) 2 1 - is 
explained: for (CN - ) togK1 = 7.9 ± 0.2. IogK2 = 9.1 ± 0.1. logK3 = 1.5 ± 0.4; (SCN) logK 1 = 0.7 ± 0.3 (mol dm -3 
units). 
We report the first stability constant measurements for metal 
complexes in liquid ammonia solutions. Potentiometnc titra- 
lions were carried Out in a concentration cell as illustrated. 
The e.m.f. of the concentration cell' should be given b y 
expression (1). where r_ is the transference number of the 
nitrate anion. m 1 and Vi are the Ag cation concentration and 
KCN (or KSCN) (am) 
at 3.50 x l0'moldm- 
AgNO (am) 	 AgNO (am) 
3 x Ag 	 = 3.50 x tO 1 motdm-3 m2 =0.700x I0 2 moldm-' 	2 x Ag 
metal EtNNO(arn) 	 Et1NNO 1 (am) 	 metal 
electrodes I at 5.00 x 10-2 mol dm' 	at 5.00 x 102 mol dm - 	eIectrode 
am = liquid ammonia 
Solutions of AgNO 3 in the working electrode (left compart-
ment) were titrated with solutions of KCN or KSCN. The 
reference electrode (right compartment) contained a solution 
of fixed concentration of AgNO. Both electrode compart-
ments contained the same concentration of tetraethylammo-
nium nitrate as ionic background. The working electrode 
compartment was fitted with three silver metal electrodes and 
the reference compartment with two electrodes. 
The cell, mounted in a thermostatically controlled cryostat 
bath at -40 ± 0.05 °C. was mounted in an assembly of 
standard flasks to enable solutions of accurately known 
concentrations to be prepared and transferred into the cell 
compartments.'. 2 Solutions of KCN or KSCN at -40°C were 
titrated into the working electrode compartment from a 
double-jacketted glass burette. Through the inner jacket was 
pumped coolant liquid from the cryostat bath, whilst the outer 
jacket was evacuated to a Dewar vacuum to prevent icing. 
Liquid-liquid contact between the two electrode compart-
ments was made through a low porosity glass tinter fitted 
within the bore of the key of the tap situated between the cell 
compartments. The Ag/Ag couple has been proved to be a 
stable reversible reference electrode for liquid ammonia 
solutions. I—)  
the mean ionic activity respectively at the working electrode. 
and a2 is the Ag -  ion activity at the reference electrode. The 
first term is effectively constant because a: is held constant 
throughout the titration, and y, must he assumed to remain 
constant because of the presence of background electrolyte. 
The six available electrode pairs were calibrated experimen-
tally against known Ag ion concentrations between 10 -1 and 
10- mol dm -3 at the working electrode. 
E,,,/V = 2RTI_IF ln(y,Ia.) + 2RTs F lfl(nt,) 	(I) 
The measured e.m.f.'s could be conveniently expressed by 
equation (2). but the slope was not exactly equal to 2RT:_ F. 
and differed for each electrode pair. The stability constants 
have been calculated with the new SUPERQUAD prosram 2 
using values for the slopes obtained from the calibrations, and 
subjecting E,, to iterative refinement. This was necessar y 
as was not the same in the titrations as in the calibration 
experiments. 
E,1 V = 	+ (slope) In (m,) 	(2) 
The titration curve shown in Figure I illustrates the 
P1 9 



















Volume added KCN / cm 3 
Figure I. Potentiometric titrations of solutions of 3.50 x 10 mol 
dm- 3 AgNO3 with 3.50 x 10 - ' mol dm -3 KCN in liquid NH 3 at 233 K 
with (a) 5.00 x 10-2 mol dm Et 4 NNO 3 as background electrolyte. 
and (b) no background electrolyte. 
favourable formation of both the 1: 1 and 1: 2 complexes. The 
Raman spectra also proved the existence of a 1: 3 species.' No 
inflexion was apparent in the titration curves in the region 
where [CN - /[Ag* -3. However, the change in E 11 was 
greater than could reasonably be accounted for by the dilution 
effect of adding further KCN titrant beyond the 1: 2 complex-
ation stage. 
The most satisfactory fit of the data using SUPERQUAD 
gave the following values for the stepwise formation con-
stants: logK 1 = 7.9 ± 0.2. logK2 =9.1 ± 0.1. and logK 3 = 1.5 
± 0.4 (mol dm - ' units). We believe that evidence in the 
titration curves for [Ag(CN)) 2 was not conclusive because of 
the high stability of the bis complex (at the second equivalence 
point the calculated concentration rn 1 was less than 10 9 mol 
dm 3 ). 
Our second-derivative Raman spectroscopic studv of the 
complexation of Ag by CN - proved the existence of at least 
11 complexed species in the Ag/CN - system. Among others 
these include the linkage isomeric forms. AgCN. AgNC. 
[Ag(CN)2 - . IAg(CN)(NC)J-. and Ag(NC).J - . Porentio-
metric titrations do not distinguish between these isomers but 
see them collectively as 1: I and 1:2 species. At the low (Ag I 
concentrations used in the titrations it is unlikely that the 
ion-aggregated polycationic species detected spectroscopic-
ally when [Ag] > 0.5 mol dm - ' will influence the titration 
results. 
That K 1 is less than K2 can be ascribed to the geometry 
changes which occur in the co-ordination sphere of the Ag -
cation between the first and second complexation stages. In 
the first step one CN - ligand directly replaces one NH 1 
molecule in the solvation sphere of the tetrahedral 
Ag(NH 5 )4J cation. 5  In the second step the linear 
(Ag(CN) 2 ) -  complex. for which there is good spectroscopic 
evidence, 5  is formed. It is probably the high translational 
entropic contribution to the free energy change of the second 
step which gives rise to the anomalously high value of K1 . 
Titrations of Ag with SCN -  produced only a very small 
change in E11 (-5 my). but a close examination of the data 
revealed that this occurred at the 1: 1 end-point. Calculations 
led to logKAScN  -0.7 ± 0.3 (mol dm -3 Units) for the 
formation of AgSCN and were entirely consistent with the 
Raman spectroscopic titrations of SCN - on Ag from which it 
was previously estimated 7 that loeK55sc. lies in the range 
5-20. and that the 1:2 complex could be observed only when 
the [SCNj/Ag ratio is very large (-10). 
Received. 11th February 1985; Corn. 174 
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A Mechanistic Study on Complexes of Type mer-[Cr(C0) 3(s-L-L)(a-L-L)] 
(where L-L = Ph3PCH 2 PPh 2 . Ph 2 PNHPPh 2 . or Ph 2PNMePPh 2 ) using 
Spectroscopic and Convolutive Electrochemical Techniquest 
Adrian Blagg, Stuart W. Carr. Gary R. Cooper. tan D. Dobson, J. Bernard Gill, David C. Goodall, 
Bernard L. Shaw, Norman Taylor. and Terrence Boddington 
School of Chemistiy. University of Leeds. Leeds LS2 9JT 
The new complexes mer-(Cr(C0) 3 (t1 2-L-L) (a-L-L)) [where L-L = Ph 2 PCH 2 13 13h2 (dppm). Ph2 P-
NHPPh 2 (dppa) or Ph 2 PNMePPh 2 (dppma)] were synthesized by treating [Cr(C0) 3 (C,H 8)] (C,H 1 = 
cyclohepta-1 .3,5-triene) with the appropriate diphosphine. The complexes were characterized by 
i.r. and by 31 P-{'H} and 1 H-{31 P} n.m.r. spectroscopy. The electrochemical and chemical oxidation 
of these complexes was investigated and the products identified by electrochemical techniques and 
by e.s.r. and i.r. spectroscopy. The one-electron oxidation of met- (Cr(C0) 3 (q2-L-L) (a- L-L)] gives 
the 17-electron chromium(t) complex met- [Cr(C0) 3(sf- L-L) (a- L-L)] These chromium(u) 
complexes have only limited stability and have been shown to follow two reaction pathways. 
disproportionation (electron transfer) as in equation (i) and intramolecular displacement of CO as in 
equation (ii). The rates of these reactions increase markedly from L-L = dppm to dppa or dppma. 
A second one-electron oxidation process [equation (iii)] has been observed but the dications are 
very unstable and decompose to give solvated Cr 2 . free diphosphine. and CO gas. 
2 met- (Cr(CO) 3(r 2 -L-L) (o-L-L)] + -. met- [Cr(CO) 3 ( 2 - L-L) (a-L-L)]° 
+ met- [Cr(CO) 3 (if- L-L) (o-L-L)] 2 	(i) 
mer- [Cr(C0)3(i-L-L)(a-L-L)] -. trans-[Cr(CO) 2 (sf-L-L) 2]' + CO 	 (ii) 
met- [Cr(CO) 3 (if- L-L) (a- L-L)] + -. met- [Cr(CO) 3 (q2 -L-L) (a-L-L)] 2 ' + e 	 (iii) 
There has been much interest in the electrochemistry of tertiary 
phosphine-substituted Group 6 metal carbonyl complexes. 
Most work has been with mono-tertiary phosphine derivatives. 
i.e. of type [M(CO)APR 3).], although there has also been 
work with tridentate phosphorus-donor ligands.' 2 The work 
described in the present paper is largely concerned with the 
electrochemistry of complexes of type mer-[Cr(CO) 3(q 2 -L-L)-
(a-L-L)] (L-L = Ph 2 PCH 2 PPh 2 (dppm). Ph 2 PNHPPh 2 
(dppa), or Ph 2 PNMePPh 2 (dppma)) and first we summarize the 
previous results on the electrochemical oxidation of the tertiary 
phosphine-substituted tricarbonylchromium complexes. 
For complexes of the type fac-(Cr(CO) 3(tridentate ligand)] 
two chemically reversible one-electron oxidations were reported 
which were assigned as in equations (I) and (2) as the foc 
fac° ==fac + e 	 (I) 
fat * =afac2 + C 	 (2) 
stereochemistry is fixed by the tridentate phosphine ligand.' 
With unidentate phosphorus-donor ligands (L) the meridional 
complexes mer-[Cr(CO) 3 L 3] gave one chemically reversible and 
a second, chemically irreversible oxidation [equations (3) and 
(4)]. For the corresponding facial isomers fac-(Cr(CO),L,], 
me,° 	mer + e 	 (3) 
mer =mer 2 + e 	 (4) 
products 
t 'ion-S.f. unit emplovetS 0 = l0' T 
Scheme I was required to explain the electrochemical 
on oxidation. 
bc0 =±fac + e 
liXir 
mer° zmer + e 
Scheme 1. The crossed anows represent the cross redos reactionfac' + 
me,° 	fac° + me, * 
We have described the synthesis of homo- and hetero-
bimetallic complexes, and related mononuclear species, 
containing dppm and related ligands. 4 We have begun a study 
of the electrochemical properties of these complexes and, in the 
present paper, we report a study of complexes of the type mer-
[Cr(CO) 3 (1 2-L-LXa-L-L)] (L-L = dppm. dppa. or dppma). 
When we started this electrochemical work we were particularly 
interested on the effect that the unco-ordinated phosphorus 
atom would have on the electrochemical properties. These 
chromium tricarbonyl complexes are new and their synthesis 
and characterization is described first before the results of the 
electrochemical and associated studies are discussed. 
Experimental 
Prepara:ioiu.—Operations involving tertiary phosphines 
were carried out under an atmosphere of dinitrogen or argon. 
Literature methods were used to prepare dppm.' dppa, 6 and 
dppma.° 
mer.(Cr(CO) 3(d ppm-PP )(dppm-P)]'O.75CH 2 C1 2. A mix-
ture of [Cr(CO) 3(C 7 H 6)] (C 7 H5 = cyclohepta-I .3,5-tnene) (0.2 
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was heated under reflux for 30 min during which time some of 
the required product separated from the hot mixture. The 
cooled reaction mixture was evaporated to dryness under 
reduced pressure and the residue recrystallized from CH 2C1 2-
Et 20 to give the required product as orange-red prisms (0.66g. 
0.68 mmol, 78%), m.p. 171-174°C (Found: C. 66.7; H. 4.7; Cl, 
5.5. CaIc. for C 53 73 H4, ,Cl0 , 5CrO3P4 :C, 66.6; H,4.9 Cl, 5.3%). 
mer.(Cr(CO)3(dppa.PFXdppa-P)}O15C6H6. A mixture of 
(Cr(CO) 3(C7H 5)] (0.23 g. 1.0 mmol) and dppa (0.77 & 2.0 
mmol) in dry bcnzene (IS cm 3) was heated under reflux for 2 h. 
The mixture was then cooled and light petroleum (b.p. 40-
60 °C) added and the solution cooled to Ca. 5 °C. This gave the 
required product as orange microcrystals (0.85 g, 0.94 mmol, 
94%) (Found: C, 67.55; H, 4.6; N. 3.1. CaIc. for C, 25 H425Cr-
N 203 P4 :C, 68.05; H, 4.75; N. 3.0%). The complex mer-
[Cr(CO)3(dppma-PP')(dppma-P)] was similarly prepared in 
95% yield as orange microcrystals (Found: C, 68.1; H, 4.95; N, 
3.0. CaIc. for C 13HCrN 2O3 P4 : C, 67.8; H, 4.65; N, 2.85%). 
cis-[Cr(CO) 2(dppma-PP )2]- A mixture of [Cr(CO) 6] (0.2 g, 
9.1 mmol) and dppma (1.1 g, 27.3 mmol) was heated under 
reflux in n-decane under an N2 atmosphere for 24 h. The 
solution was then cooled and the product collected. It formed 
orange microcrystals from benzene-n-hexane (yield 0.25 g, 2.7 
mmol, 30%) (Found: C, 69.1; H. 5.1; N. 2.9. CaIc. for 
C 52 H46CrN 20 2 P4 :C, 68.9, H. 5.1; N. 3.1%). The complex cis-
[Cr(C0)2(dppa-PP') 2] was prepared similarly in 32% yield 
(Found: C, 67.7; H. 4.6; N. 3.2. CaIc. for C 50H42CrN 202 P4 :C, 
68.3; H. 4.8; N, 3.2%). 
!n.strumentation.-<a) Electrochemical measurements. Cyclic 
linear-sweep voltammetry and chronoamperometry were 
performed using an E. G. and G. PAR model 363 
potentiostat/galvanostat and model 175 universal programmer. 
The current response and applied potentials were stored on a 
magnetic disk via a fast data-capture system, based upon a twin-
channel 12-bit analogue-to-digital converter (conversion time 
50 )ls) and a Gemini Galaxy 2 microcomputer. Data-capture 
software was written in Macro 80 assembler language which 
allowed a minimum acquisition time of 100 as per point. In all 
experiments 2 000 data points were routinely captured, equally 
spaced in time, with a time interval appropriate to the time-scale 
of the particular experiment. The system thus allowed use of 
any scan rate up to 100 V s for linear-sweep experiments. 
Background data were also stored, and were subtracted from 
the experimental data set, minimizing effects such as double-
layer charging currents. It was found, however, that whilst very 
fast scan rates were practical in aqueous systems, in the solvents 
used for this study the faradaic-to-background current ratio 
was poor above 10 V s'. This scan rate was therefore taken as 
the practical upper limit 
The electrochemical measurements were made using a 
conventional three-electrode cell configuration. A selection of 
working electrodes was used. This included a modified PAR 
SDME 303 for hanging mercury drop and Metrohm inlaid 
platinum, gold, and glassy carbon disks, each of the disk 
electrodes having a geometrical surface area of around 0.2 cm 2 . 
For most of the quantitative work the platinum electrode was 
used. The planar geometry simplified some of the mathematical 
treatments performed. The reference electrode used depended 
on the solvent system. In dichioromethane, Ag-AgCl in 
saturated LiC1-CH 2Cl 2  was chosen, whilst in dimethyl-
formamide and acetonitrile. Ag-AgNO 3 was used (0.01 mol 
dm' AgNO3  in the appropriate solvent). A 1-cm 2 platinum-
sheet auxiliary electrode was used throughout. All electro-
chemical experiments were performed in light-proof cells. All 
solvents were dried over type 4A molecular sieves. All solutions 
were 0.1 mol dm 3  in tetrabutylammonium perchlorate as the 
background electrolyte. Solutions were purged with nitrogen  
before each experiment and an atmosphere of nitrogen was 
maintained above the working solution. Internal-resistance 
ohmic drop distortions were minimized by applying positive 
feedback compensation. 
Electron spin resonance. A Varian E-line e.s.r. spectro-
meter, operating at a microwave frequency of 9.5 GHz, was 
used to record all e.s.r. spectra. Chemical oxidations were 
performed in a quartz tube (internal diameter 3 mm). For the 
electrochetnical oxidations, a cell was constructed inside a 
similar tube. Both the working and auxiliary electrodes were 
formed from platinum-wire spirals and were insulated using 
Teflon tubing. A silver wire inside a third Teflon tube was used 
as a pseudo-reference electrode. The working electrode was 
positioned so as to be in the centre of the microwave cavity 
whilst the auxiliary electrode was positioned just outside the 
cavity. 
All solutions were purged with argon before use and an argon 
atmosphere was maintained above the solution throughout the 
experiment Temperature control was possible between 20 and 
-70 °C by alteration of the flow rate of cooled nitrogen 
through the cavity (i.e. around the cell). 
Infrared spectra. These spectra were recorded using a Pye-
Unicam SP-2000 i.r. spectrophotometer, calibrated against 
polystrene. 
Nuclear magnetic resonance. All n.m.r. spectra were 
recorded on a JEOL FX-100 spectrometer. Phosphorus-31 
spectra were recorded using 85% H 3 PO4 as an external 
standard, proton spectra using tetramethylsilane as an internal 
standard. 
Treatment of ElectrochemicoJ Data.-Voltammetric data 
tend to be difficult to handle quantitatively in their original 
form. Despite capturing data points covering the entire course 
of, say, a cyclic voltammetric experiment, it is still common to 
find that the analysis of such data is based upon the current and 
potential values of a few specific points. Often the points of 
peak or half-peak current are chosen, although these have in 
fact no special significance compared with the rest of the data 
throughout a linear-sweep wave. It is much more preferable to 
use as many data as possible for an effective analysis and a 
convolution-transform method has been proposed which can 
give simple mathematical forms to the transformed current 
data.'' For simple electron transfer this convolution of the 
current data, 4 with a (t) 4 function is obtained from the whole 
current history 1(u), equation (5); I is the convoluted current at 
I 	l ,[ 1(u) 
du 	(5) = l(fl•( 
it* 	(I - u)4 
time t. u is the time. This has the distinct disadvantage for our 
studies in that it does not simplify the treatment of transformed 
data for an electron transfer followed by a chemical reaction 
(the so-called e.c. reaction), except at the extremes of slow anj 
fast chemical reactions accompanying a fast electron transfer. 
We have developed a more general convolution for the 
cc. (irreversible) case which encompasses the results of 
Saveant''' and more recently those proposed by Oldham' 
for the treatment of chronoamperometric data, and thus can be 
used with considerable advantage over these methods. The 
reaction scheme in equations (6) and (7) (R = reduced species. 
R4±O+ne 	 (6) 
Oai±P 	 (7) 
o = oxidized species, and P = product of the chemical step) 
yields relationships (8) and (9) for the concentrations of R and 0 
P20 
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C5(0,0 = c1l" , - nFAD+ 
C50 
- nFAD .1, 
(8) 
C0(01) _____ 	
c_s' t 	1 
	
.1 • _______ 
nFAD 1 " (xt) = nFAD 	
(9) 
at the electrode, where a is the number of electrons transferred, 
A is the electrode area and D the diffusion coefficients of 0 and 
R which are assumed to be equal to simplify the equations. 
These relationships are quite general for all variations of the rate 
parameters involved. The potential is introduced via the Butler-
Volmer relationship written in the form (tO) where a is the 
105(0,t) - C0(0,t)e1 
= Jo L 	c,121t 	 jet 	(10) 
symmetry factor, F = (E - EnF/RT, and i, is the exchange 
current for the electron-transfer process at E = E, 10 = 
nFAk,C,'", k, being the forward standard heterogeneous 
rate constant. This yields the expression (II) where 11 and 12 are 
'0 
the convolutions given in equations (8) and (9) respectively, and 
I,,,,, [= nFAC"°Dt] is the limit of las E approaches infinity. 
This relationship between current, voltage, and the other 
parameters holds for all regimes of rates of the electron transfer 
and the chemical reaction and in principle is suitable for 
treatment of data obtained via a wide variety of techniques. The 
various requirements for the determination of mechanism and 
calculation of the individual parameters are best satisfied by 
suitable selections of experiments including the use of a wide 
range of temperature to vary the relative importance of 
chemical and electron-transfer processes. Cyclic voltammetry is 
without doubt most important in the determination of 
mechanism and the measurement of the current peaks, etc. may 
give an early indication, for example, of chemical reactions or 
regenerative processes following the electron-transfer step. After 
suitable adjustments of sweep rate and temperature to make the 
contribution of the chemical reaction negligible, checks for 
reversibility, quasi-reversibility, or irreversibility of the electron 
transfer could be carried out on the convoluted data, using an 
expression stemming from equation (11) appropriate for the i0 
regime of the particular class of electron transfer. 
Absence of chemical processes was in general indicated in 
cyclic voltammetnc experiments by the return of 1 1 to zero on 
completion of a full cycle. Logarithmic checks on the data could 
be applied and in principle the appropriate values of the various 
parameters could be extracted from this treatment. Tests for 
reversibility always included an assessment of the overlay of the 
'forward and backward' convoluted currents. Here the display 
of the third differential of!, was found to be extremely useful 
and was used as a standard procedure. The construction 
proposed by Saveant and Tessier" was used to determine E in 
the quasi-reversible case from the cyclic voltammetry ex-
periments, but it was found more satisfactory to determine this 
and the other parameters from chronamperometric experiments 
(see later). In the presence of chemical reactions, equation (I 2) 
could be derived from (II). It is somewhat unwieldy in view of 
the values of the parameters which must be known a priori but 
(E - E) 







in the case of fast electron transfer (large 1) the expression 
reduces to (13) where only k, is required. Tests on simulated 
(E - E)
F=ln 	- 	(I)) - 	n 
RT 	[ '2 	j 
data' 2 showed that inappropriate k, values gave quite large 
deviations of the log plot from linearity, particularly on the 
reverse sweep. Alternatively the crossing points of 	- I,] 
and 12 on the forward and particularly on the reverse sweep 
were displaced from E  except for convolution with the 
accurate value of k4. The usual experimental procedure was to 
adjust the sweep rate until I, returned to 20-60% of l,,, at the 
end of the sweep. The difference in voltage at the crossing points 
was then a sensitive function of the k value used in the 
convolution to give 12. At this stage convolution is only required 
in the vicinity of E. The Dt values were obtained from 
using equations (8) and (9). 
Chronoamperometric experiments were used extensively to 
determine various parameters. With constant applied potential. 
E. a linear relationship is established between the current and 
the sum of 1, and 12 [exp(—)]. This general relationship 
contains the particular forms obtained by Oldham" and 
extends to any variation of the parameters. Equation (II) may 
be written in the form (14). In the absence of chemical reaction 
k•i' 
(k, 	kb 
= 	- t•1 + 	 (14) 
(i.e. I, = l) the following conclusions can be derived from 
equation (14). For fast electron transfer the intercept 
approaches infinity as I, and 12 approach zero, i.e. the 
bracketted sum in equation (14) is independent of I. This 
constancy oil, (equal to 1] is equivalent to adherence to the 
Cottrell relationship. In the quasi-reversible case, experiments 
at large voltage steps yielded D via measurements of I,,.., and 
this then yielded k, from the intercept and kb from the use of an 
intercept and slope [equation (14)]. 
The equality of k 1 and kb at Ej was used to obtain the 
value(see Figure I). 
The symmetry factor (2) was obtained from log plots of k r  and 
kb in the vicinity of E,. The variation in i at extremes of 
potential is probably due to the fall in potential across the outer 
Helmholtz layer. In the presence of chemical reactions. 
appropriate expressions can be extracted from equation (II). 
Results and Discussion 
Preparation of the Complexes.—The complex mer-{Cr(CO) 3 . 
(dppm-PP')(dppm.P)] was prepared by treating 
(Cr(CO) 3(C 7 H 8)] with dppm in hot ethanol. There was no sign 
of the intermediate formation of the correspondingfoc isomer. 
in contrast with the behaviour of the analogous molybdenum or 
tungsten complexes, (M(CO) 3(C,H 5)] from which the fcc 
isomers, [M(C0) 3(dpptn.PP'Xdppm-P)], are formed first. 4 ' 4 
Details of the preparation and elemental analytical data are 
given in the Experimental section and characterizing i.r. and 
'H-{ 31 P} and 31 P.{'H} n.m.r. data are given in Table I and 
discussed below. We similarly prepared and characterized the 
corresponding dppa and dppma complexes. We have also 
prepared and characterized cis-[Cr(CO) 2(dppa.PV) 2 ] and cu-
(Cr(C0) 2(dppma-PP') 2] by heating [Cr(CO) 6] with 2 mol of 
dppa or dppma (respectively) in refiuxing n-decane. see 
Experimental section and Table I for further details and 
characterization data. 
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Figure I. Plots of Ink, (U)  and In k (A) against potential (V vs. Ag- 
AgCI in dichloromethane) for the electron-transfer reaction (at -65 'C) 
	
mer.[Cr(C0)3 (d ppm-PP Xdppm-P)] 	4 mer-(Cr(CO)3(dppm. 
PP )(dppm-P)]' + e. A platinum working electrode was used 
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three strong (or medium) bands in the region due to CO stretch 
is indicative of a me,- configuration (see Table I). For me,-
(Cr(C0) 3(dppm-P)Y )(dppm-P)] a singlet at 6 = 4.44 p.p.m. in 
the 'H.( 3 ' P} n.mr. spectrum is indicative of the dppm-PP' CH 2 
protons being similar in chemical shift to the CH 2 protons of 
[Cr(CO)4(dppm.PP')]. The other resonance, at 8 = 2.95 p.p.m., 
is assigned to the CH 2 protons of unidentate dppm. The 
resonances due to the NH proton of dppa, at & 43 and 3.3 
p.p.m., were similarly assigned. The assignments of the CH 3 
resonances to dppma-PP' or dppma-P are less definite. 
In the 31 P-{'H} n.mr. spectrum of mer-[Cr(CO) 3(dppm-
PP'Xdppm-P)] a doublet at 6 = -26 pp.m. is assigned to the 
uncomplexed phosphorus nucleus of the unidentate dppm 
ligand: the resonance of uncomplexed dppm is at -22 p.p.m. 
The doublet at 8 = -26 p.p.m, due to P(D) (Table I), shows a 
J(PP) coupling at 37 Hz clearly due to coupling with P(C): this 
enables the resonance at 8 = 65 p.p.m. (doublet of doublet of 
doublets) to be assigned to P(C). The doublet of doublet 
patterns at 6 =26 or SO p.pm. (Table I) are therefore assigned 
to P nuclei (A) or (B) but we do not know which is which. Similar 
arguments were applied to the assignments of the resonances of 
the dppa complex. Somewhat surprisingly each of the 
resonances of the P nuclei in mer-[Cr(CO),(dppma-PP')-
(dppma-P)] occurs as a doublet of doublet of doublets. The 
resonance at 6 = 54 p.p.m. is assigned to P(D), the uncomplexed 
phosphorus nucleus, being similar in chemical shift to the free 
Table I. l.r. (cm'),' ''P.('H} n.m.r. and 'H-{ 31 P} n.m.r. data 
6(H)' (non-aromatic) 
Complex v(CO) 6(P)b Assignment' J(P-P)' unidentate chelate 
mer-[Cr(CO) 3(dppm-PP')(dppm-P)] I 95Im -26(d) D 37 (C-D) 2.95 4.44 
I 860s 65(ddd) C 37, 18.27 
26(dd) A(S) 27. 3 
50(dd) B(A) 18.3 
n:er.[Cr(C0) 3(dppa-PPXdppa-P)' 1960s  26(d) D 9 (C-D) 3.3 4.7 
I 860s 120(ddd) C 30. 23.9 
95(dd) A(B) 38.30 
I l4(dd) 8(A) 38.23 
mer.[Cr(CO) 3(dppma-PP')(dppma-?)] 1947s  54(ddd) D 181 (C-D) 2.27 2.39 
I 850s 147(ddd) C 42.9 
1945s  I l0(ddd) A(S) 181. 26. 17 
I 30(ddd) 8(A) 54. 42. 26 
54, 17.9 
cis.(Cr(C0),(dppma-PP) 5 ] I 844s 129. lOS N' 	69 2.54 
I 784s 2.48 
cis.(Cr(C0) 2 (dppa-PP') 2]' 	 I 841h 	110.91 	 !' = 68 	 4.8 
1788s 
'Spectra recorded as Nujol mulls. Recorded at 40.25 MHz & values (±0.5 ppm.) to high frequency of H,PO. d = Doublet, dd = doublet or 
doublets, ddd = doublet of doublet of doublets. A = P. etc. A(B) or B(A) indicates either to PA  or P,, see Discussion. P, P,. P. and PD  are as 





'C-D 	 The values are readily extracted from the d. dd. or ddd patterns. 'Recorded at 100 MHz 8 values (±0.01 p.p.m.) to high 
frequency ofSiMe.' v(NH) at 3 340w and 3300w cm'. 'The four phosphorua nuclei make up an AAXX' spin system and •N' 'J(AX) + 'J(AX). 
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FIgure 2. Cyclic voltammograms for the oxidation of mer. 
[CrCO),(dppm-PP'Xdppm-P)] in dichtoromethane at -65 'C (scan 
rate 0.1 V s') (a) showing the first oxidation and (b) with the second 
oxidation included 
phosphine (73 p.p.m.). This resonance shows a coupling with the 
remarkably high value of 181 Hz and two others, of 42 and 9 
Hz (Table I). We assign the resonance at 147 p.p.m. to P(C) 
having the highest chemical shift of the four P nuclei, as does 
P(C) in the dppm and dppa complexes, and also showing a 
coupling of 181 Hz, which we therefore assign to J(P-P) we 
cannot explain why the value (181 Hz) is so high. 
Electrochemistry of the Complexes.—The electrochemistry of 
the complexes mer-(Cr(CO) 3(11-L-LX7-L-L)] was similar so 
only the dppm derivative will be considered in detail. As 
expected, none of the complexes showed reductive behaviour 
before the solvent limit (— 1.2 V vs. Ag—AgCl in dichloro-
methane). 
(i) mer(Cr(CO) 3(dppm-PP'Xdppm-P)] at -65 'C. Figure 
2(a) shows a cyclic voltammogram for the first oxidation of mer-
(Cr(CO) 3(dppm-PP' )(dppm.P)]. Convolution analysis of a 
series of cyclic voltammetric scans obtained using scan rates 
between 0.02 and I Vs' confirmed that the behaviour observed 
is consistent with the quasi-reversible electron-transfer process 
(15). The virtual absence of other processes on the electro-
mer-(Cr(CO),(dppm-PP' )(dppm-P)] 
mer-(Cr(CO),(dppm-PP')(dppm-P)] + e (15) 
chemical time-scale was established from the observation that 
the convoluted current reaches the same plateau value, 
regardless of the scan rate, and consistently returns, during the 
reverse half of the sweep, to its initial (zero) value. This shows 
complete conservation of the starting material within the course 
of the cycle. The behaviour at platinum, gold, and mercury 
working electrodes showed no significant differences either in 
dichloromethane or dimethylformamide solution, indicating 
that the processes observed did not involve either the solvent or 
the electrode material. 
A second one-electron oxidation wave was observed with an 
oxidation peak potential 1.14 V positive of that of the first 
oxidation potential (Figure 2(b)]. No reverse (reduction) peak 
was observed for scan rates below 5 V s' and the process can 
thus be written as in equations (16) and (17). Observation of a 
small reverse peak at a scan rate of 10 V s' allowed the half-life 
mer-[Cr(CO),(dppm-PPXdPPm'P)] * - 
mer-{Cr(CO) 3(dppm-PP' Xdppm.P)] 2 (II) 
mer.(Cr(CO)3(dppm-PP)(dPPm-P)]2 _!. products (17) 
oxi 
I 	 I 
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FIgure 3. Cyclic voltammogram for the oxidation of me,. 
[Cr(CO) 3(dppm-PP')(dppm.P)J in dichloromethane at a platinum 
electrode at 20 'C (scan rate 0.1 V r') 
-' 3 
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FIgure 4. Plots of the convoluted current, I, against potential (measured 
against Ag—AgCI in dichloromethanc) for the complex me,-
[Cr(C0) 3(dppm-PP' )(dppm.P)] at a platinum electrode. The tempera. 
lure was 20 'C and the scan rates were 1.0(a) and 0.05 V (b) 
of the mer.(Cr(CO) 3(dppm-PP'Xdppm-P)] 2 species to be 
estimated as less than 25 ms at -65 'C at a concentration of 
1.0 x lO mol dm 3. This behaviour is not unusual for 
chromium(ti) carbonyl compounds' although the one-electron 
oxidation (18) was observed to be chemically reversible on the 
electrochemical time-scale at -75 'C.' 5 
cis-(Cr(CO) 2(dppm-PP )2] - 
cis.[Cr(CO)i(dppm.PP) 2]2* + e (IS) 
It was noted that after sweeping through the 1+12+ 
oxidation wave a new reduction wave appeared at cc. -0.27 V 
(in dichloromethane) [Figure 2(b)]. This wave will be discussed 
later. 
(ii)mer-(Cr(CO) 3(dppm-PP )(dppm-P)] at room temperature 
(20 'C). Figure 3 shows a cyclic voltammogram of the first 
oxidation of mer.(Cr(CO),(dppm-PP'dppm-P)] at 20 'C. 
There is little difference apparent compared with the behaviour 
at -65 'C, except for laster electron transfer. Convolution 




log (scan rate/Va") 
Figsee 5. Plots or the limiting (I_.J and final [! 111,,1J values of 
the convoluted current (Is ) as a (unction of the scan rate for a 
senca of oxidative cyclic voltammograms of mer-(Cr(C0) 3-
(dppm-PPXdppm-P)] at a platinum electrodc (•) I_, at 
20°C. (V) at 20°C, (0) at —65°C, and () at 
—65°C 
and in fact there exist correlations between the plateau value of 
the convoluted current (I i ) and the scan rate employed as shown 
in Figure 4. Similarly a correlation is round between the final 
value taken by the convoluted current () and the scan rate 
(Figures 4 and 5). This behaviour is consistent with some 
disproportionation of the species mer-(Cr(CO),(dppm-PP')-
(dppm-P)] °  (equation (19)]. On the forward sweep, the 
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orange to brick-red and the deposition of a silver mirror. 
Immediately after oxidation a reductive cyclic voltammogram 
was observed to be identical with the oxidative voltammogram 
of mer-(Cr(CO) 3(dppm-PP')(dppm-P)], implying that no fast 
structural change occurs on oxidation, i.e. the oxidized complex 
retains the met stereochemistry. Over a period of a few minutes. 
evolution of carbon monoxide was observed and additional 
redox behaviour became evident (see below). 
(iv) An eJ.r. study of mer-(Cr(CO) 3(dppm-PP° )(dppm.P)] 
(a) At low temperature (-65 'C). The complex mer-(Cr(CO),-
(dppm-PP'Xdppm-P)) was oxidized in the e.s.r. spectrometer 
microwave cavity, both electrochemically and chemically (using 
AgClO4). The resulting e.s.r. spectrum was monitored and it was 
found that using either method of oxidation the same spectrum 
was observed. The spectrum consisted of a broad quartet with 
intensities in the ratio 1:3:3: I and changing the temperature 
did little to alter the linewidth. The compound mer-(Cr(CO) 3-
(dppm-PP'Xdppm-P)] would be expected to give a doublet of 
doublets of doublets, due to coupling to three inequivalent 
phosphorus atoms directly bonded to the chromium. The 
observed 1:3:3: I hyperfine structure arises because the signal is 
broad and the hyperfine coupling constants to the phosphorus 
atoms are expected to be similar. It is possible that the 
broadening could also be due to further unresolved coupling to 
the methylene protons of the dppm ligands. The similarity o(the 
hyperfine coupling constants implies that the unpaired spin 
density is approximately equal on each of the directly bonded 
phosphorus atoms. The (g> value for mer-[Cr(CO) 3(dppm-
PP'dppm-P)] was 2.012 and the average hyperfine splitting 
was 23.0 ± I G. The closeness of the measured (g) value to the 
free-spin value suggests that the spectrum is due to a spherically 
symmetric state and so must be d 5 (low-spin) chrornium(u). 
A number of processes can be responsible for line broadening 
in e.s.r. spectroscopy, including rapid chemical reaction, fast 
spin—lattice relaxation, and nuclear quadrupole interaction. It 
has been found that, for complexes of the type me,-
[Cr(CO),L 3] (where L = a unidentate phosphine ligand) and 
LCr(CO)3(arene)], e.s.r. line broadening occurs due to a fast 
electron-exchange process of the type (20) provided that there 
is no gross structural change.'' 6 ' 
No such process was identified in our study despite the fact 
that the self-exchange reaction is virtually certain to occur. 
When the heterogeneous electron-transfer rate of the Oil + 
redox couple is considered, then it became apparent that. 
assuming the same mechanism of electron transfer to occur as 
P20 
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2 mer-(Cr(CO) 3(dppm-PP )(dppm-P)] * - mer-[Cr(CO) 3(dppm-PP )(dppm-P)] 
+ mer-(Cr(CO) 3(dppm-PP° )(dppm-P)) 2 - ( 19) 
regeneration of (Cr(CO) 3(dppm-PP' )(dppm-P)] is responsible 
for enhancing the currents, the degree of enhancement being 
dependent upon the time spent forming mer.{Cr(CO) 3(dppm-
PP')(dppm-P)] . On the reverse sweep we observe reduction of 
mer-(Cr(CO) 3(dppm-PP° )(dppm-P)] . As a consequence of the 
disproportionation, the reductive convoluted wave has lower 
amplitude than the oxidative convoluted wave. 
As we have already noted, mer-(Cr(CO) 3(dppm-PP' )(dppm-
P)] 2  shows practically no stability on the electrochemical 
time-scale even at —65 'C and consequently is expected to 
react further immediately. 
A 	n.m.r. study of a solution of mer-(Cr(CO) 3(dppm- 
PP°dppm-P)] oxidized at a potential of +1.4 V in di-
chioromethane showed only a singlet at 6 —215 p.p.m. which is 
characteristic of unco-ordinated dppm 
(iii) Chemical oxidation of mer-(Cr(CO) 3(dppm-PP' )(dppm-
P)). As predicted from the electrochemistry. AgCIO 4 readily 
oxidized the compound mer-(Cr(CO),(dppm-PP°)(dPPm-P)] 
and this oxidation was accompanied by a colour change from 
Cr ° + C r * 	Cr° + Cr` 	(20) 
at the electrode, it would be very unlikely for such exchange 
broadening to be visible, since according to the theory of 
Marcus the heterogeneous and homogeneous electron-
transfer rates are related approximately by k(heterogcneous) 
[k(homogeneous)/l 000]t. At the highest practical Cbn-
centration of the met° species (around 0.1 mol dm'), 
broadening should only be about I x 10 0 based upon this 
theory. 
(b) At 20°C. A solution of mer-(Cr(CO) 3(dppm-PP). 
(dppm-P)] was produced by electrolysis at —65°C where 
the spectrum of mer-[Cr(CO),(dppm-PP'Xdppm-P)) ° was ob-
served to remain unchanged over a period of several hours. 
After allowing the solution to warm to room temperature. 
spectra were taken at 10 min intervals over a period of 100 mm 
(Figure 6). It is apparent that the initial quartet decays to a 
quintet in the intensity ratio 1:4:6:4:1, having a (g) value of 
2.004 and a hyperfine splitting of 28.5 ± I G. This signal is 
P20 
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Figure 6. A series of e.sr. spectra obtained from a solution, initially of 
thecomplex mer-[Cr(CO) 3(dppm-PP Xdppnl-P)J • in dichloromethane 
at 20 'C. thowing the decay with time to the species gras-is-
(Cr(C0) 2(dppm-PP ),] 
identical with that given by an authentic sample of the complex 
trans-(Cr(CO) 2(dppm-PP )] 
.° The intramoleculardisplace-
ment reaction (21) IS Consistent with the above observations. 
rner-[Cr(CO) 3 (d ppm-PP )(dppm-P)] * — 
zrans-[Cr(CO) 2(dppm-PP) 2]' + CO 	(21) 
However. the signal observed for trans-[Cr(CO) 2(d ppm-
PP) 2) is only around 10% of the intensity of that of the 
initial mer-[Cr(CO)3(d ppm-PP )(dppm - P)]'. and presumably 
disproportionation accounts for the majority of the decay of 
mer-[Cr(CO) 3(dppm-PP)(dppm-P)] +. 
The only e.s.r. signal remaining after 90 min is that of trans-
[Cr(CO)2(dppm-PP)3)' and this signal was stable for more 
than 24 h. 
(v) The fr. characterization of mer-[Cr(CO) 3(dppm-PP')-
(dppm.P)]'. The stability of the oxidized chromium complex 
(Cr(CO) 3(dppm-Pr)(dppm-P)Y over a period of minutes 
enabled it to be characterized by i.r. spectroscopy. Oxidation 
with either NOBF 4 or AgCIO4 in dichloromethane initially 
gave an jr. spectrum with three bands in the carbonyl region 
(2036m. I 972m. and I 912s cm'). These data are consistent 
Table 2. The E and k values for the complexes sner-[Cr(CO),-
(q-L-LXa-L-L)] and cu- and trans-[Cr(C0)2(q 2-L-L) 1 ] measured at 
-65 'C 
Complex 	 E5 /V 	k'/cm s' 
,ner-[Cr(C0)3(1 2-L-LXa-L-L)) 
L-L = dppm 	 +0.075 	2.0 x 10-1 
dppa +0.160 9.0 x 10" 
dppma 	 +0.093 	1.4 x 10" 
css.(Cr(C0)2(q 2-L-L)2] 
L-L = dppm -0.17 	- 
dppa -0.11 1.9 	a 	10-' 
dppina -0.21 	2.8 a 10' 
dppe -0.16' - 
1rans-[Cr(C0)1(i'-L-L)2) 
L-L = dppm -0.81 	- 
dppa -0.46 6.6 a 10' 
dppma -037 	1.0 a 10-1 
dppe -0.60' - 
Refers to the oxidation Cr* 	Cr'. Li. the mer'°. cit"°. and trans"° 
redox couples. 'Calculated from values quoted in rct: 21 
Cr1 ' + CO + dppm 
I last 
mer.[Cr(CO),(dppm-PP'Xdppm.P)J + [Cr(CO)3(dppm.PP). 
j (dppm-P)1 2 
disproportionation 	
Ci7•e 




tranz-[Cr(CO) 1(dppm-Pr) 21' 
/ 
cis.[Cr(C0) 1(dppm-Pr)1 	 :rasu.[Cr(CO) 2(dppm.PP'),) 
/ 
cis-[Cr(C0) 2(dppm-PP') 1 ) 
Scheme 2. A summary of the pathways which occur following 
electrochemical oxidation of mer-(Cr(CO) 3(dppm.PP' Xdppm-P)] as, 
derived from electrochemical and spectroscopic measurements 
with the formation of a 17-electron mer isomer with C2 , 
symmetry." 2 ' The shift of the i.r. bands of the carbonyl ligands 
to higher frequency in the 17e complex relative to the ISe 
complex is of similar magnitude to those reported for the 
related mer-(Cr(CO) 3 L 3) complexes. On leaving the solution 
to stand for about 10 min the total intensity of the spectrum 
decreased and bands assignable to :rans-(Cr(CO) 2(dppm 
PP))' and mer-(Cr(CO) 3(dppm-PP' )(dppm-P)) were ob-
served. This behaviour is consistent with the electrochemical 
and e.s.r. data described above. Attempts to observe the 17e 
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Figure 7. Cyclic voltammogram for the oxidation of the complex me,-
[Cr(CO)3(dppa-PP')(dppa-P)) in dichloromethane at 20 'C (scan rate 
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Figure 8. Cyclic voltammogram for the oxidation of the complex me,-
[Cr(CO) 3(dppma-PP' )(dppma-P)] in dichloromethaneat -65 'C (scan 
rate 0.1 V a'). Electrode processes are numbered as in the text 
dppma) were unsuccessful because of the transient nature of the 
mer complexes (see later). Scheme 2 summarizes the pathways 
which occur following electrochemical oxidation of me,-
(Cr(CO) 3(dppm-PP'Xdppm-P)] as derived from the electro-
chemical and spectroscopic measurements, and the E, values 
and heterogeneous electron-transfer rates are summarized in 
Table 2. 
(vi) Electrochemical and e.s.r. study of mer.(Cr(CO) 3(dppa-
Pr )(dppa-P)]. (a) Electrochemistry. The oxidative cyclic 
voltammetric behaviour of mer-(Cr(C0) 3(dppa-PP')(dppa-P)] 
at 20 'C (0.1 V s') is shown in Figure 7. The peaks numbered I 
and 2 are assigned to the me,"° redox couple. Peak 3 is 
analogous to that obtained from mer-(Cr(CO) 3(dppm-PP')-
(dppm-P)] after sweeping through the second oxidative wave 
and is due to a decomposition product arising from the species 
(Cr(CO) 3(dppa-PP')(dppa-P)] 2 . It is shifted by about 50 mV 
compared with the above analogue in the same solvent system 
(either dichlorornethane or dimethylformamide) and so it seems 
highly probable that at least one phosphine ligand remains 
associated with the species responsible for the wave. The peak 
appeared despite the fact that the second oxidative wave was 
not encompassed within the cyclic voltammetric sweep. Its 
appearance is attributed to the decomposition of (Cr(CO) 3 -
(dppa-PP')(dppa-F)] 2 formed via a disproportionation 
reaction (analogous to equation (19)]. At faster scan rates the 
proportion of the disproportionation reaction was decreased 
and the wave due to me,' -. mer° reduction was enhanced. 
Convolution analysis of the oxidative cyclic linear-sweep 
behaviour of the complex mer.(Cr(CO) 3(dppa-PP')(dppa-P)] at 
-65 'C indicated that even at this low temperature a certain 
degree of disproportionation occurs. The dependence of the 
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FIgure 9. Cyclic voltainmograms for the oxidation of czs-
(Cr(CO) 2(dppma.PP') 2] in dichloromethane at -65°C (scan 
rate 0.2 V a-')  showing (a) the first cycle and (b) the 20th cycle 
-65 'C was very similar to that shown by mer.(Cr(CO) 3 . 
(dppm-PP' )(dppm-P)] at 20°C. 
(b) E.s.r. Electrochemical or chemical oxidation (AgClO 4 ) 
of mer-[Cr(CO) 3(dppa-PP' )(dppa.P)] initially gave an e.s.r. 
spectrum at -65 'C which was similar in appearance to that 
described above for the dppm analogue, that is, a broad quartet 
with intensities in the ratio 1:3:3: 1 with a <g)  value of 2.027 
and a hyperfine splitting of 24.5 ± 20. Over a period of half an 
hour at -65°C the spectrum changed to a quintet in the ratio 
1:4:6:4:1. This five-line e.s.r. spectrum was identical to that 
produced by chemical oxidation of an authentic sample of 
(Cr(CO) 2(dppa-PP') 2]. The dicarbonyl complex had a <g) 
value of 2.005 and a hyperfine splitting of 29.5 ± I G. Oxidation 
of mer-(Cr(CO) 3(dppa-PP'Xdppa-P)] at room temperature 
resulted in the spectrum due to :ran.c-(Cr(CO) 2(dppa-PP )]° 
only. 
mer-(Cr(CO)3(dppma-PP' )(dppma-P)]. The oxidative 
cyclic voltammogram of mer-(Cr(CO) 3(dppma-PP' )(dppma-
P)] at -65 'C is shown in Figure 8. Using a range of scan rates, 
the peaks numbered I and 2 were assigned to the mer°'° redox 
couple. Peak 3 again appears to be a decomposition product of 
the unstable [Cr(CO) 3(dppma-PP' )(dppma-P)] 2 ° species. The 
presence of at least one co-ordinated phosphine ligand is again 
suspected as peak 3 appears at a slightly different potential to 
its equivalent in the two compounds previously discussed. 
Oxidation with AgCIO4 in dichloromethane at -65 'C 
produced a brick-red solution which decayed in minutes to 
leave a pale green solution. A satisfactory e.s.r. signal for the 
brick-red solution could not be obtained because of its rapid 
decomposition but it is believed to contain the complex met-
(Cr(CO) 3(dppma-PP'Xdppma-P)]'. 
cis.(Cr(CO)1(v 2 .L-L)2). To understand fully the 
behaviour of the tncarbonyl complexes discussed above it was 
essential to prepare samples of the corresponding dicarbonyl 
complexes. Consequently it seemed pertinent to study the 
electrochemistry of the complexes cis-(Cr(CO) 2 (q 2-L-L) 2 ] 
(L-L = dppa or dppma) as these have not been previously 
studied. 
It has been shown that (Cr(CO) 2(dppm-PP) 2 ] preferentially 
adopts either the cis or trans form depending upon the formal 
oxidation state of the chromium atom:' 1 in oxidation states. o 
and tithe cis isomer is favoured, whilst in oxidation state i the 
trans isomer is preferred. The similar compound (Cr(CO) 2 -
(dppe.PP) 2] (dppe = 1,2.bis(diphenylphosphino)ethane] ex-
hibits analogous electrochemical behaviour. 22 It is interesting 
to note that although the E4 values of the cit"° redox couples 
P20. 
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are similar, those for the tran.s'° redox couples vary 
considerably (Table 2). 
The oxidative cyclic voltammogram of cis-(Cr(C0) 2(dppma-
Pr)2 ] is shown in Figure 9. On the first forward scan three 
waves are observed and on the reverse scan a new electrode 
process is observed at -0.54 V. On the second and subsequent 
scans (Figure 9) four waves are observed in both directions 
which can be assigned to the trans°, cis'", and the 
trans 1 " redox couples respectively by analogy with previous 
studies on cis-(Cr(CO) 2(q 1-L-L) 2) (L-L = dppm or dppc).' 
3.22 
The dppa complex cis-(Cr(CO) 2(dppa-PP' )2] showed analo-
gous electrochemical behaviour to the dppma complex. Thus it 
is concluded that the electrochemical behaviour of the dppa and 
dppma dicarbonyl complexes is entirely analogous to that of the 
dppm and dppe dicarbonyl complexes, with all of the redox 
couples appearing in the same relative order with respect to the 
Ej values. The Et values and heterogeneous electron-transfer 
rates are summarized in Table 2. 
Conclusions 
The tricarbonyl complexes are less easily oxidized than their 
corresponding dicarbonyl compound (either isomer). This is in 
agreement with the general behaviour expected of chromium 
carbonyl complexes. 23 
The rate of heterogeneous electron transfer shows a marked 
dependence upon the bridging group of the phosphine ligand 
(Table 2). Electron transfer is significantly slower for the 
tricarbonyl complexes studied than for the corresponding 
dicarbonyl complexes (in either isomeric form). 
The rate of the disproportionation reaction of the tricarbonyl 
complexes is also strongly dependent upon the ligand bridging 
group and is in the order dppm < dppa < dppma. This is the 
reverse of the electron-transfer rate order, although a larger 
sample set would be required to confirm a correlation. 
The e.s.r. measurements indicate that spin density on the 
phosphorus atoms is considerable for both the tn- and di-
carbonyl complexes. 
For the dicarbonyl complexes the standard oxidation 
potential of the cts'° redox couple appears to remain fairly 
constant as the phosphine bridge is altered. A much greater 
range of potential is observed for the trans ° redox couple with 
the dppm ligand being the easiest to oxidize by a large margin 
(Table 2). 
In all cases the tricarbonyl compounds were found to be very 
unstable with chromium in oxidation state ii. Decomposition of 
the chromium(iI) complexes appears to proceed via an 
intermediate which probably contains only one phosphine  
ligand, although instead there may remain two phosphine 
ligands, each behaving in a unidentate fashion. This 
intermediate has itself only limited stability (concluded from a 
series of linear-sweep experiments each being preceded by a 
different length of electrolysis at a potential sufficiently positive 
as to produce the intermediate species) and following its 
reduction is seen to undergo very fast further chemical reaction, 
the final products being solvated chromiurn(u), free phosphine, 
and carbon monoxide. 
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ABSTRACT. 
Anodic dissolution and cathodic deposition of 2 
transition metals in acidic solutions in liquid ammonia 
has been surveyed. The early transition metal elements 
Ti, Zr, V, Nb, Mo, and W form high oxidation-state 
insoluble amido-complexes during anodic oxidation. 
Soluble ammines of normal metal oxidation states are 
produced with Cr(III) , Mn(II) , Fe(II) , Co(lil) , Ni (II), 
Cu(li), Ag(I), Zn(II), Cd(II), Hg(II) (Mn dissolves 
spontaneously). The metals Ru, Pd, Pt, Au only dissolve 
slightly after prolonged electrolysis. Anodic enrichment 
of Au in its alloys is unlike that in aqueous solution; in 
ammonia both Cu and Ag can be simultaneously depleted from 
a 9 carat gold alloy. 	Cathodic reduction of metal- 
bearing solutions follows wide variations of behaviour. 
Fe and Ru ammines reduce to amido-complexes with 
concomittant hydrogen evolution, but Cr is not reduced. 
Solutions of Mn, Co, Ni, Pd, Pt, Ag, Au, Zn, Cd, and Hg 
give metallic cathode deposits under differing conditions. 
Electrodepasition is potential dependent f or Ni, Cu, and 
Ag; metal plate at low potentials, and powders at high 
potentials. The two different products are the result of 
reduction of species with different degrees of solvation. 
LNTRODUCTION. 
The inorganic chemical industry utilises electrochemical 
techniques for many processes and, with the major exception of 
aluminium extraction, water is commonly used as the solvent 
medium because of its cheapness and ease of manipulation. As 
a medium for electrodepositian and electrodissolutian liquid 
ammonia has received relatively little attention. The scant 
information available in the literature, with the exception of 
the review by Brooman-1 , and some cyclic voltammetric 
studies by Brown c 	about 12 years ago, is widely dispersed. 
Close examination of its thermodynamic characteristics, 
indicating the narrow electrochemical range of c-a.0.4V, 
suggests that liquid ammonia is unsuitable -for electrolytic 
work. In practice the solvent has an electrochemical range of 
ca. 3V (about twice that of water) because of its high hydrogen 
and nitrogen overpotentials. Thus as a cheap solvent, 
availbie in very large quantities and capable of dissolving 
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many salts and complexes, it ought to be considered and 
investigated as a medium for appropriate electrochemical 
processes. 
The work described in this paper presents a survey of 
the electrochemical reduction-oxidation behaviour of 20 
different metals in their various salts and complexes in 
liquid ammonia. The overall purpose of this work was to gain 
rapidly an overall view of the types of compound, the 
oxidation states of the metal ions taken into solution, and 
the quality and nature of cathodic metal deposits. In a few 
cases, e.g. , the metals Ag, Au g Cu and Ni , more experiments 
were undertaken to illustrate that more than one type of 
reduction process can sometimes be observed at the cathode in 
this solvent. 
EXPERIMENTAL 
Experiments were carried out in a simple cell 
containing 3 electrodes; anode, cathode, and a Pt reference 
electrode. The cathode and the reference electrodes were Pt 
foil with contact area ca.2cm. Normally the anode was a 
piece of the metal, of high purity, in the form of wire. The 
surface area of anode in contact with solution varied slightly 
between samples but was usually ca.0.5cm. Exceptions to 
this were iron and niobium (foil, ca.2cm) , and mercury (a 
frozen pool of the metal, ca.15cm). The anode, cathode, 
and referemce electrodes were linked in circuit to enable 
measurement of anode/reference and cathode/reference 
potentials simutaneously with the applied cell voltage and 
current. 
A weighed quantity of electrolyte was placed in the 
cell which was constructed with a precalibrated scale to 
facilitate volume determinations. The cell was purged with 
nitrogen gas and placed in a cooling bath at about -77C. 
Ammonia was then allowed to condense until solution of 
ca.0.7mMol dm 	was obtained. Throughout the experiments 
solutions were maintained at -77 •±2C under nitrogen. 
Before measurements were taken short pulses of 
positive potential were applied to the anodes to disrupt any 
oxide layer which might otherwise have interfered with the 
electrochemical behaviour of the electrodes. 
Experiments consisted of applying a potential 
difference across the cell and measuring the potentials of the 
two working electrodes with respect to the reference 
electrode. The current passing through the cell was recorded 
si mutaneousl y. 
It has been established that a piece of bright Pt metal 
will serve as a respectable secondary reference electrode in 
liquid annonia solutions. It was noted in our earlier 
papers,t' 	and by Bait et al.,c 73 and by Shiurba and 
Jollyt', that stable electrode potentials, within 12mV, can 
be maintained for limited periods of time at the Pt 
metal-solution interface. 
Prolonged electrolyses were carried out at the higher 
temperature of 400 10.1'C. Applied voltages for these 
electrolyses were chosen, using voltammetric data as obtained 
above, to achieve cathode current densities of ca.2mA ctn. 
After a prolonged electrolysis -further voltammetric 
measurements were made, and any reaction products were 
isolated and examined. 
A number of diFFerent a.Its were used as electrolytes 
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but, as far as was possible, background electrolytes were 
restricted to either ammonium tetrafluoroborate or 
thiocyanate. The range of available anions which can be 
studied is limited because of solubility limitations 
(especially with anions with multiple charges), and the 
possibility of the formation of hazardous biproducts through 
electrolytic reduction (particularly with nitrates 19,103 and 
halides). 
RESULTS AND DISCUSSION 
Dissolution and deposition potentials of the metals 
obtained in a 0..07mol dm 	solution of NHRF in liquid 
ammonia (relative to a bright Pt reference electrode in the 
same solution) at -77C are listed in the Table. 
Titanium. 
Anodic dissolution of Ti produces a pale yellow 
compound, independent of the electrolyte used, and which 
decomposes in air to hydrated TiO. 
Anodic dissolution potentials (ADP) for Ti in various 
electrolytes were as follows: NH-BF, 1.29V; NHSCN, 
1.21V; Cd(CN), 1.26V; K:CN, 1.6V; for NHCN 1.5V was 
estimated. The high overpotentials observed when a high 
concentration of free CN was present in the electrolyte 
suggests that polymerisation of the anion could be important. 
With Cd(CN) as electrolyte, Cd metal was plated out 
in preference to H= evolution at low NHq. concentrations. 
A high current efficiency was observed until the system became 
massively depleted of Cd 	ions and the cell contained only 
Ti cations. The mass balance of the experiment indicated that 
2 atoms of Cd were deposited for every atom of Ti dissolved. 
Thus Ti was dissolved in the +4 oxidation state. However, 
oxidation of Ti is not a simple one-step process. Examination 
of the corroded anode showed that a layer of corrosion product 
which adhered to the surface layer of the metal consisted of a 
black substance coated with a voluminous yellow powder. 
Infrared spectra confirmed this yellow compound to be free 
from cyanide. This, with the f act that the solution remained 
highly conducting, indicated that the product was probably an 
amido complex of Ti. The low pH of Ti cations in water, d.te 
to the acid dissociation of the water molecules in the inner 
coordination sphere of the aquo-Ti cations, is well known. It 
is, therefore, not unexpected that a corresponding 
deprotonation of the ammino-titanium cation occurs similar to 
that reported for the ammines of heavier transition metal 
cations in liquid ammonia sol uti ans .c 
The high conductance observed for the resultant 
solution is due to the formation of NHCN because of the 
doubling of the number of NH 	cations for every Cd 
cation removed. The increase in dissolution potential of Ti 
during electrolysis is most likely related to the build up of 
corrosion products at the anode. 
In these experiments there were indications of a small 
degree of plating of Ti 	The cathode was found to be coated 
with small amounts of black powder long after depletion of all 
Cd 	ions From the solution. Attempts were made to isolate 
this. After evaporation of the ammonia and removal of the 
electrolyte a small amount of metal powder was obtained from 




Anodic oxidation of Zr (ADP 0.72V) followed a similar 
course to that of Ti. In this case, the oxidation product was 
an insoluble white powder. Some blackening of the cathode was 
noticed. 
Vanadi urn. 
Prolonged electrolysis of a NHIBF4 solution using a 
V anode resulted in a brown anodic deposit (ADP =1.07V). This 
contained V in its +4 oxidation state. No deposition occurred 
at the cathode. 
Niobium 
The only oxidation product of niobium was an insoluble 
yellow powder (ADP 1.3V) which decomposed on removal from the 
solvent. No plating was observed. 
Chromi urn 
Chromium dissolves anodically to give a solution of 
hexamminechromium(III) flouroborate (ADP 0.96V). Suprisingly 
no evidence of cathodic deposition was observed even though 
tristhiocyanatochromium(III) has been reported to give a 
cathodic deposit in ammonia. "11 Aquopentammine- 
chromium(III) complexes have also been reported as failing to 
plate out in ammoni a. 
Molybdenum 
Molybdenum gave a brown anodic precipitate (ADP =0.8.7V) 
with a small amount of cathodic deposit in the Form of a 
non-metallic brown stain. 
Tungsten 
Tungsten gave an orange precipitate at the anode 
(ADP0.89V) with no plating on the cathode. 
Manganese 
Manganese dissolved spontaneously in acidic liquid 
ammonia solutions (ADP =-1..2V) when the cell was 
short-circuited. Hydrogen was evolved at a platinum cathode. 
The initial open circuit potential was ca.0.2V under the 
standard conditions described in the experimental section. 
Higher voltages could be obtained when the acidity of the 
solution was raised. This electrode might have a possible use 
in a low temperature storage batteries because it can be 
reversibly discharged and recharged. 
Manganese dissolves into the +2 oxidation state and 
deposits at the cathode as thick lustrous metallic plate with 
good throwing power. 
Similar results can be obtained when hexammine-
manganese(l!) acetate, obtained by recrystallisation of 
hexaquomanganese(ll) acetate from liquid ammonia, is used as 
the electrolyte (ADP =-1.07V, CDP =-1.3V). 
Iron 
- Iron is not readily oxidized in liquid ammonia. The 
anodic current efficiency is low (5X) and gassing at the 
electrode is the major reaction observed. The ADP( =O.36V) 
as not excessively high and the IOW current efficiency 
observed for this anodic material must be associated with a 
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lowering of the nitrogen evolution overpotential of the 
solvent. 
After prolonged electrolysis the anode does dissolve to 
give a solution containing iron(II) and some blackening of the 
cathode is suggestive of some metal deposition. The principle 
cathodic deposit is a brown solid, probably an amido complex. 
Perfect cathodic deposits of iron have been reported by 
previous wQrkersdlt with iron(II) iodide as the 
electrolyte, but later workers, 	using different 
conditions of current density, were unable to obtain plate. 
Ruthenium. 
Ruthenium dissolved anodically (ADP =1.06V) with a very 
low current efficiency (<0.17.), typical of a platinum group 
metal, to give a red-brown solution of uncertain oxidation 
state. It should be noted here that, with such low current 
efficiencies, the anodic dissolution potentials ought to be 
considered as nitrogen evolution potentials. Two solid 
products were formed: a colourless unstable precipitate of 
hexammineruthenium(Il) fluoroborate, and a dark brown 
substance, possibly an amido-ruthenium(Il) complex, which 
adhered to the cathode. A similar brown product is obtained 
when hexammineruthenium(III) salts are reduced by potassium 
metal solutions in liquid ammonia. 
When hexammineruthenium(III) thiocyanate was used as 
the electrolyte, similar reaction products were obtained. The 
reduction to the insoluble hexammineruthenium(II) cation 
occured at very low cathode potentials (ca.-0.3V) above which 
the bulk solution, initially pale yellow, darkened to the 
red-brown colour observed in the acid electrolysis. Again a 
brown substance was deposited at the cathode. 
Our early cyclic voltammograms point to the soluble 
red-brown product as a decomposition product of 
hexammjneruthenium(II). It is not formed as a result of 
further reduction at the cathode. The results indicate EL 
ca.-0.02V relative to a Ag/AgBr(satd.) reference electrode. 
rhe process is quasi-reversible at a Pt electrode and appears 
to have a very low exchange current. The behaviour is very 
similar to that of Ag solutions. At this stage we cannot be 
more specific about this redox system because its behaviou 
requires more investigation and -further cyclic votammetrj,c 
e>periments are in progress. 
Cobalt 
Cobalt dissolved anodically to give a solLition of 
hexamminecobalt(III) fluoroborate (ADP 0.8V) which 
subsequently deposited as metallic plate on the cathode. 
The metal plate was unusual because it contained a 
number of separate points of strong adhesion to the supporting 
electrode from which curved platelets grew. Presumably this 
resulted from the increasing concentration of cobalt in the 
solution as the ammonium ions were consumed during the initial 
stages of the process. 
t'Iickel 
Dissolution of nickel occurs at low anode potentials 
(ADPs: 0.52V relative to-a Pt electrode in acidic solutions, 
0.32V relative to a Ni electrode in nickel Solution3) to give 
the dark blue solutions characteristic of the 
heamminenickel(fl) cation. 	tiith solutions containing 
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fluorc,borate, thiocyanate, chloride and nitrate counter ions 
current efficiencies were high (>807.). 	Metal deposition, as 
powder, also occurred from acidic solutions when high voltages 
were applied to the cell. 
Experiments using hexamminenickel (II) fluoroborate as 
the electrolyte illustrated that deposition occurs to give 
either a good plate with low cathode potentials, or a powder 
when higher potentials are applied; the plating currents at 
low potentials were extremely small (<0.lmA). Typical 
deposition potentials were -0.5V for metallic plate, and -1.9V 
for powder. The current-voltage curve between these two 
potentials was interesting because it exhibited the constant 
limiting-current behaviour observed in the Cu and the Ag 
systems. Hence two specifically different reduction processes 
for the Ni(Il) cation in ammonia can be identified like those 
observed for Cu(II) and Ag(I). Further experiments suggested 
that the two deposits were formed by electrode processes 
involving nickel(II) ions with different degrees of salvation. 
It occurred neither by some kinetic effect within the plating 
process nor, as we first thought, through the formation of an 
intermediate nickel(I) complex. The more detailed study of 
the Ag(I) system has, we believe, provided the evidence f or 
the two types of reduction process observed. 
Palladium 
Palladium can be plated from solutions containing 
cyano-Pd(II). Although moderate cathodic current efficiencies 
could be obtained, this was not found to be a suitable process 
f or dissolution and plating of massive palladium because the 
anodic dissolution efficiency was so low. 
For all the solutions the major anodic and cathodic 
processes involved decomposition of the solvent into its 
constituent gases. Hence the evolution potentials observed in 
the cell are not those of the processes pertaining to the 
dissolution and deposition processes of the metal. 
Platinum 
Like palladium, platinum was be deposited 
electrolytically from a solution of cyano-Pt (I I) complexes. 
Here, though, it appeared as a grey material similar to 
platinum black'. Again the anodic dissolution efficiency was 
very low and much gassing was obser ved at the electrode 
surf aces. 
Copper 
At low potentials copper dissolved anodically at nearly 
1007 current efficiency to form a solution of Cu(II) ions This 
plated to form a good adherent coating of copper metal. As 
with nickel, high applied e.m.f's in the copper system 
resulted in the deposition of a black powder, and the 
current-voltage curve indicated two types of reduction 
process. 
With NHSCN as electrolyte an insoluble layer of 
copper suiphide appeared on the anode causing passivation of 
the electrode. 
In ammonium -fluoroborate solution the anodic process 
occurred at 0.03V relative to a Pt reference electrode, 
deposilion being evident at -3V. 
Si! 'er 
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Silver plates very efficiently from its simple salt 
solutions. Initially we had only intended to undertake a 
cursory examination of this element to establish the 
characteristics of the electrolytic cell, and to check that it 
was producing reliable data. However, it soon became apparent 
that the deposition of silver was not the simple process which 
it appeared to be at first. 
The initial reaction in acidic solution showed that 
silver will readily dissolve anodically (ADP 0.27V) into 
liquid ammonia, and can be made to deposit at the cathode as a 
fine powder if the appropriate conditions are applied (CDP 
=-1.2V). A plot of the current-voltage response after 
prolonged electrolysis showed that two distinct cathodic 
processes occur. No evolution of hydrogen was detected in 
either case. 
To investigate this phenomenon further, a cell was used 
with silver nitrate solution as electrolyte and with all three 
electrodes (anode, cathode, and reference) of pure silver. 
The current-potential curves produced by this cell are shown 
in Figure la and lb. 
The anode response is simple single process, namely 
oxidation of Ag(0) to Ag(I) (ADP =0.30V). The cathode 
response is more complicated. The first deposition potential 
ca.-.3V is associated with Ag plating on the cathode as good 
quality adherent metal, but this process eventually becomes 
current-limited. This is found also to a greater degree for 
both Ni and Cu. At cathode potentials higher than -1.7Y a 
second type of deposition occurs. Again, metallic Ag is 
deposited, but not as non-adherent powder. Addition of 
carrier electrolyte (Figures 2a and 2b) causes the rate of 
powder deposition to increase, but does not affect the 
limiting current of the first plating process. 
This two-stage reduction can be explained on the 
grounds that the electroactive species of the first process is 
present only as a small proportion of the total silver ion 
concentration, and that it is depleted from the vicinity of 
the cathode faster than it can be replaced by chemical 
equilibrium and/or diffusion. This species is probably a 
coordinatively unsaturated silver(I) cation, in which the 
hole' in the coordination sphere can promote facile transfer 
of an electron from the cathode surface. 
At higher potentials, the Ag(I) ion is reduced within 
its coordination sphere to produce a solvated amminesilver(Ø) 
species which subsequently disintegrates by loss of its 
solvating ammonia molecules to the metal powder obtained in 
the second higher voltage process. This product is similar to 
the one we have observed when silver has been reduced by 
alkali metal solutions in liquid ammonia. 
Addition of carrier electrolyte does not affect the low 
voltage deposition process to any significant extent, but it 
does have an effect on the second deposition process. Excess 
NH 	ions results in the evolution of hydrogen gas at the 
cathode in addition to Ag powder deposition.. Also the second 
cathodic deposition potential is shifted from -1.7V to -1.2V, 
consistent with H= evolution taking presidence over the 
plating process. 
When t- *,NO zs is present in e>cess in the electrolyte 
high cathode potentials do not result in the formation of the 
characteristic blue colour of alkali metal solutions being 
observed at the cathode. 	Instead, and in addition to silver 
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plating of the cathode, a large excess of K ions results in 
the formation of a white precipitate which dissolves if the 
cell is stirred. This is AgNH2 (slightly soluble in liquid 
ammonia); a reduction of the CDP of the higher voltage 
deposition process to -15V is also observed. 
Gold 
Gold dissolves electrolytically in liquid ammonia with 
difficulty in acidic solutions, with a current efficiency too 
low to estimate. However, prolonged electrolysis results in 
the formation of a slight coating of the cathode by black Au 
powder. As for the precious transition metals the measured 
apparent dissolution potentials refer to decomposition of the 
solvent. Excellent metal plate can, however, be obtained from 
cells which contain cyano-Au(I) complexes as electrolyte. 
Cyclic voltammetric studies by Lagowski et al. 
on solutions of gold in caesium and potassium in liquid 
ammonia indicated that gold might dissolve electrolytically 
into these metal solutions at ca.2. 16V, as the auride anion, 
Au- . In this respect its behaviour is unique among metals. 
It has been establishedc 	in our laboratories that a pure 
gold cathode can be dissolved into both caesium and potassium 
solutions, but not into sodium solutions. Deposition of the 
metal occurs in the anode compartment of the electrolytic cell 
as a purple powder (Purple of Cassius). We found that the 
process can be effectively carried out when KSCN is used as 
supporting electrolyte. The Au dissolves into the 
potassium-ammonia solution generated in the vicinity of the 
cathode during electrolysis, and deposits as pure purple Au 
metal powder at the anode. The process cannot be used for the 
separation of Au from alloys because the Au anode is 
passivated by the other constituent metals. 
Anodic stripping of alloyed 9 carat gold in aqueous 
solutions results in the depletion of Cu, but not Ag, from the 
alloy. The product is an anodic slime with very low gold 
enrichment. We have found that in liquid ammonia solutions 
both Cu and Ag dissolve into the electrolyte from the anode. 
The anode also maintains its integrity to produce a material 
resembling a sintered mass. The resulting anode metal was 
sufficiently pure to be used as a cathode in the reductive 
dissolution of Au in the auride process, with subsequent 
deposition of the pure material. 
Figures 3a and Sb show the anode and cathode responses 
respectively for a system involving a 9 carat gold anode at 
various stages during prolonged electrolysis, in a cell with a 
Pt cathode and NHqBFA as electrolyte . Although Cu was 
found to have a lower dissolution potential than Ag in such 
conditions (see Table), it is seen in Figure 3a(i) that Ag is 
the first metal to dissolve from the anode. The cause of this 
order of metal dissolution is unknown, but can be related to 
the relative surface concentrations of the metals in the 
alloy. Another possiblity may be that it is due to an 
overpotential associated with the composition of the alloy, 
though this is less likely as indicated by Figures 3a(ii) and 
3b(iii). These curves show that during the course of 
depletion Cu is increasingly dissolved from the anode at a 
potential similar to that of pure Cu metal. The complicated 
current-voltage-time relationship for this process requires 
further investigation before it can be 	plained fully. 
Analyses of the alloy before and after electrolysis 
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showed significant enrichment of Au by this method with almost 
complete removal of the Ag (before electrolysis: Au, 35.9%; 
Ag, 14.47.; Cu, 41.27.. After electrolysis: 20hr at 2mA; 
Au,87.1%; Ag, 0.5%; Cu, 8.9%). It is worth noting that the 
impurities remaining after this process are those which can be 
readily dissolved by the action of aqous concentrated 
HNO. 
Zinc 1 Cadmium and Mercury 
These three metals plated out with great efficiency 
'from acidic solutions in liquid ammonia. They were included 
in the survey for the sake of completeness (CDPs: Zn =-1.27V, 
Cd =-0.90V, Hg =0.55V). 
Anodic dissolution was also efficient for all three 
metals and resulted in the -formation of metal cations in their 
+2 o<idation states. No sulphides were formed when ammonium 
thiocyanate was used as electrolyte (ADP's; Zn =-1.10V, 
Cd -0.81Y, Hg 0.OIV). 
An observation worthy of note was the behaviour of the 
Hg anode. The potential of this changed by only 0.1V when 
the voltage applied to the cell was changed from OV to 3V and 
a current of up to 35mA was passed. This confirms the 
observation of Watt et al.dl 	that the Hg(0)/Hg(II) couple 
can be used as a good secondary standard anion-responsive 
electrode in ammonia solutions. It is simple to construct and 
insensitive to the flow of large currents. 
Cd and Hg were also plated from their cyanide solutions 
(CDPs; Cd -0.85V, Hg -0.47V relative to a Pt reference). 
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TABLE. 	Dissolution and Deposition Potentials of Transition 
Metals in Liquid Ammonia. 
Acidic Solutions Neutral Solutions 
Element Anode Cathode Anode Cathode 
e 
Titanium 1.29 a 
Zirconium 0.72 
Vanadium 1.07 a 




Manganese -1.20 -1.07 -1.30 
Iron 0.86 a 
Ruthenium 1.06 a -0.26 b,d 
Cobalt 0.80 
Nickel 0.52 0.32 -0.5 	-1.9 
Palladium 0.99 a 
Platinum 0.89 a 
Copper 0.03 -0.3 b 
Silver 0.27 -1.2 b,c 0.30 -0.3 	-1.7 c 
Gold 0.94 a 
Zinc -1.10 1.27 1.19 -1.27 
Cadmium -0.81 -0.90 -0.90 -0.96 
Mercury 0.01 0.55 -0.09 -0.58 
Notes. 
a. .Principal anode reaction was nitrogen evolution 
b..Potential uncertain due to low concentration of metal ions 
c..Deposition as a powder 
.Reduction to ruthenium(II) hexammjne 
. Hydrogen evolution potentials not included in table 
-f..Reference electrodes were bright platinum in 0.7 molar 
ammonium fluoroborate for acidic solutions, 0.7 molar 
solutions of the appropriate metal fluorborate for neutral 
solutions except for silver, in which a silver wire 
electrode was used. 
P21 
REFERENCES 
1. V.M.Cheek, J.B.Gill and P.f3ans, Chem.Commun., 628 (1985). 
2. E.W.Brooman, Electrodeposition and Surface Treatment, 
2, 1-46 (1973). 
3. O.R.Brown and S.A.Thornton, J.Chem.Soc., Faraday I, 
69, 1568 (1973); 70 9 14 9 1009 9 1268 (1974). 
4. W.L.Jolly, J.Chem.Educ., 33, 512 (1956). 
5. J.Baldwin and J.B.Giil, J.Chem.Soc. (A), 2040 (1971). 
6. J.Baidwin, J.B.Gili and A.Prescott, J. Inorg.Nucl .Chem., 
33, 2103 (1971). 
7. S. Bait and W.de Keviet, J.Solution Chem., 7, 915 (1978). 
S. R.A.Shiurba and W.L.Joliy, J.Amer.Chem.Soc., 
90, 5289 (1969). 
9. S.Abe and T.Okabe, J.Chem.Soc.Japan, md Chem.Sect., 
56, 8 and 581 (1953). 
10. J.B.Giii, J.Chem.Soc., 5730 (1965). 
11. H.S.Booth and H.Merlub-Sobel, J.Phys.Chem., 
35, 3303 (1931). 
12. GW.Watt and J.W.Vaughn, J.Eiectrochem.Soc., 
110, 723 (1963). 
13. L.F.Audrieth and L.F.Yntema, J.Phys.Chem., 
34, 1903 (1930). 
14. W.J.Peer and J.J.Lagowski., J.Amer.Chem. Soc. 
100, 6260 (1978). 
15. T.H.Tererani, W..J.Peer, J.J.Laqowski and A..J.Bard, 
J.Amer.Chem.Soc., 100, 7768 (1978). 
16. J.B.Gill and J.Tipping, To be published. 
17. G.W.Watt and D.A.Hazlehurst, J.Electrochem.Soc.., 
106, 117 (1959). 
CAPTIONS FOR DIAGRAMS 
Fi9ure 1. 	Electrode responses for the Faradaic cell 
AgAgNO(0.007rnoi dm) Ag in liquid ammonia at -77'C 
relative to a Ag reference electrode; (a) anode response, 
(b) cathode response. 
Figure 2. 	Cathode response for the Faradaic cells, 
AgAgNO (0.001mol dm), NHNO (0.001(i), 0.01 (ii), 
and 0.1(iii) mol dm)(Ag, 
AgAgNOzs(0.001mol dm), KNO 3 (0.001(i), 0.01(u), and 
0.1(iii) mol dm)IAg, 
in liquid ammonia at -77C relative to a Ag reference 
electrode. 
Figure 3. 	Variation in electrode responses for the Faradaic 
cell, Au(9 carat) NH.4 8F4.(0.001mol dm)fPt in liquid 
ammonia at -77C, with time of electrolysis; (a) anode 
response, (b) cathode response, (i) initial response, 
(ii) after 24hr electrolysis, (iii) after 48hr electrolysis. 
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Abstract An optically efficient top-loading cryostat unit 
with only four radially disposed heated windows suitable 
for laser Raman spectroscopy of solutions has been 
constructed. It has been operated for long periods at constant 
temperatures (± 0•2°C) down to - 80°C. It does not use a 
Dewar vacuum as an insulating space and the need for 
vacuum pumping has been eliminated. The device could 
also be adapted for use in ultraviolet/visible spectra of 
liquids at low temperatures. 
1 Introduction  
Our work on the laser Raman spectra of liquids and solutions 
at sub-ambient temperatures (Gans and Gill 1973; also to be 
published as a series of papers in I. Chem. Soc.) has required 
the construction of a cell housing capable of operation at 
constant temperatures and under ice-free conditions for long 
periods. 
To obtain the best quality Raman spectra with the highest 
signal to noise ratios light losses by reflection and refraction 
must be minimized, because only 10 to 10 of the incident 
light undergoes Raman transitions and only a small percentage 
of this actually enters the spectrometer. Thus it is important 
that every fraction of incident light is available for the promo-
tion of Raman transitions and in turn every fraction of avail-
able Raman light is collected by the detector. 
Our device has been designed and built to matc'h the 
CODERG range of laser Raman spectrometers in which both 
the incident and emergent light beams lie in a horizontal plane. 
In most other commercially available spectrometers the 
incident beam is vertical and the horizontal emergent Raman 
light enters the spectrometer through vertically aligned slits. 
Suitable modifications to the cryostat described in this paper 
would allow the apparatus to be adapted to suit one of these 
spectrometers. 
When our cryostat was designed and built no other com-
mercial cryostat units were available which were suitable for 
laser Raman spectroscopy of unsealed samples of liquids at 
sub-ambient temperatures though some have since been 
marketed. The advantages offered by our model over others 
which incorporate a Dewar vacuum space are (i) the use of 
fewer window surfaces resulting in far less light loss, and (ii) 
the elimination of the need for vacuum pumping. The device 
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uses cold dry nitrogen gas (produced by boiling liquid nitrogen) 
as coolant which also provides a medium from which no 
moisture condensation can occur on the inner surfaces of the 
windows (Rose-lanes 1973). 
With an arrangement which uses a Dewar vacuum space 
between inner and outer windows as shown diagrammatically 
in figure 1(a), the light between the laser source L and detector 
D must pass through more windows than in our device, shown 
diagrammatically in figure 1(b). If a one-pass Raman effect is 
(a) 	 (b) 
FIgure 1 Optical arrangement within (a) a conventional 
Dewar-insulated cryostat, and (b) our cryostat 
considered then in the conventional arrangement (figure 1(a)) 
the incident light must pass through the windows labelled 
A, B and C, and after Raman scattering through the windows 
D, E and F before collection and detection. If a minimum light 
loss of 5% at normal incidence (dependent upon the nature of 
the window material) of the available light at each of the ten 
glass/air interfaces is assumed, a total light loss of about 40% 
of the maximum theoretically available at the detector is to be 
expected. In our arrangement, figure 1(b), the use of fewer 
windows reduces this loss through windows W, X, Y and Z, 
to about 26% over six glass/air interfaces. 
Work with solvents and solutions at temperatures down to 
- 80C is most satisfactorily carried out in a top-loading cell 
housing which permits unsealed sample tubes to be used. Cell 
housing in which the rectangular cell was itself suspended or 
contained in a vacuum space was considered to be potentially 
unsafe, especially as many of the materials used in our work 
are both offensive and toxic. 
In our design the sample cell is situated in a cylindrical 
duralumin or copper housing through which is passed a 
continuous stream of thermostatted cold Ni gas. The main 
problems encountered with this system involve the windows. 
Firstly, ice formation must be prevented, and secondly it is 
necessary to arrange for a sufficiently wide-angled cone of 
Raman light to pass through the window into the spectro-
meter. 
2 Design of cryostat 
In our first model a cylindrical duralumin housing was used 
with an interior cylindrical space for the cell in its basket. 
Optically flat Pyrex glass windows (15 mm diameter, 1 mm 
thick) were fitted into mounts with a 9 mm diameter aperture 
shown in the schematic drawing in figure 2. These were situated 
20 mm from the central crossing point of the light paths in the 
sample cell. With the windows situated at this distance the 
outer edges of the scattered Raman light cone were chopped off 
before reaching the collector lens and any slight movement or 
adjustment of the housing led to a significant change in the 
signal recorded by the detector. 
F)' ( 50 5 1J 
A 	B 	C 	0 	E 	F 
FIgure 2 Exploded view of a window assembly. A. 
tenninals; B, Tufnol pressure plate; C, vrra window 
holder; D, optical fiat with silver strip; E, rm window 
holder; F, PTFE washer 
An optically satisfactory second design which attempted to 
eliminate this problem, using larger windows (20mm diameter) 
held in mounts with apertures of 15 mm diameter, failed 
because these larger windows were difficult to heat efficiently 
and keep entirely mist- and frost-free at the lower temperatures. 
Both problems have been solved in the rectangular block 
design shown in the diagrammatic section drawings in figures 3 
and 4. Figure 3 shows perpendicularly disposed vertical sec-
tions through the window centres. Figure 4 shows (a) a hori-
zontal plan section just above the base of the block, (b) a 
horizontal section through the centre of the windows, and (c) a 
horizontal section through the upper part of the block. 
The small aperture (9 mm diameter) window mounts T and 
Sin figure 4(b) which transmit the Raman scattered light to the 
spectrometer are located at only 101 mm from the central 
point of the light beams, much closer than in the original 




-' 	r- -- 
FIgure 3 Vertical sections through cryostat block: (a) in 
line of laser beam and through window centres, (b) normal 
to laser beam and through window centres 
0 
FIgure 4 (a) Plan view of base pi. (b) Horizontal cross 
section through window centres. (c) Horizontal cross 
section through upper part of block 
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cylindrical desiga and therefore capable of transmitting all the 
light which can enter the collector lens. 
Limitations imposed on the outer dimensions of the unit by 
the CODER.G geometry are such that the length and breadth 
of the unit including insulation must not exceed 85 mm and 
the centres of the windows must be exactly 35 mm above the 
level of the optical bench. There is no overall height limitation. 
The unit is attached to a Tufnol base mount by three Tufnol 
spring loaded adjuster screws. These pass through a 6mm 
insulating layer of expanded polystyrene and provide for 
vertical adjustment of the unit with respect to the spectro-
meter. The Tufnol base fits firmly into a locating recess in the 
optical bench. 
Very cold N1 gas is obtained by boiling liquid nitrogen at a 
fixed steady rate, with an 8 £ coiled heater on a variable 
supply (maximum 25 V). The cold gas passes from the boiler 
to the cryostat through a pipe consisting of two layers of 
Armstrong Armaflex foamed pipe insulation (widely used in 
the insulation of central heating installations). This is found to 
be gas tight. The inner pipe (15 mm eo) contains the controller 
heater, a 25 Cl coiled-coil supplied by the output of a propor-
tional temperature controller capable of supplying a maximum 
of 15 V, wound on a glass tube and mounted within a glass 
sleeve. The cold gas enters the port K in the top of the block 
(figure 4) through a prre union fitted through the insulated lid 
of the cryostat unit. 
The duralumin block, machined to remove as much mass as 
possible (maximum 200 g), possesses a much greater heat 
capacity than the cell and its contents and serves as a good heat 
sink to prevent rapid changes in temperature within the 
apparatus. The cold nitrogen gas passes into the base of the 
block down the port K (3.125 mm diameter) and emerges into 
the inner space through four ports in the base section, shown by 
arrows in figures 3 and 4(a), to cool the cell and its contents. 
The cold exit gases escape from the cell housing through an 
insulated chimney (about 200mm long) fitted into the insulat-
ing layer of expanded polystyrene which forms the lid of the 
cryostat. This chimney also serves as an entry channel for the 
wire assembly in the apparatus. 
Rectangular fluorimeter cells (outer dimension, 13 mm x 
6-5 mm x 45 mm) mounted collineatly at the end of a 10mm 
diameter glass tube are located in a pm basket which fits 
snugly, when cold, into the inner rectangular section of the 
housing. The cells are filled with liquids using conventional 
vacuum line techniques and when full they are left connected 
to a suitable atmosphere within the vacuum line. Spectra of 
liquids under pressure above their normal boiling points may 
also be recorded by using samples sealed in round-tube 
ampoules (9 mm diameter on). 
Two of the ports G and H drilled down the length, and to 
within 1-5 mm of the bottom of the cell housing block (figure 
4(b)), carry chromel-alumel thermocouples. One of these is 
used in a bridge circuit to measure the temperature of the 
block. After calibration of the apparatus this now provides an 
estimate of the temperature of the sample. The other thermo-
couple is used as the sensor for the three-stage amplifier pro-
portional temperature controller. 
The windows(flgure 2, D) are constructed from optical flats 
(15 mm diameter) into which annular rsses (1 mm wide) 
have been ground to a depth of about 0-01 mm. These are 
filled, except for a gap of about 1 mm, with a silver suspension 
paint (Acheson. DAG 915) which serves as the window heater. 
On each side of the gap the paint is thickened over an area of 
about 1 mm1  to assist the formation of good electric contacts 
which are made against gold tipped brass heads (figure 2, A) 
held tightly in place by a Tufnol pressure plate (figure 2, B), on 
the outside of the window assembly. 
The resin coated copper wires (swo 15) to the window 
heaters are laid into 2 mm channels cut into the outside of the 
block to prevent damage to their insulation. Each window is 
wired independently from its own variable power supply 
(maximum 5 V). Immediately after preparation the window 
heaters are found to have a resistance of about 3 Cl; this falls 
to about 2 Cl after use. At times the windows have been 
operated with currents as high as 3 A but it is now normal 
practice to limit the window current to a maximum of 2 A. 
A rectangular block of expanded polystyrene machined to fit 
tightly around the cell housing serves as the insulation. Both 
the edges of the window ports in the polystyrene and the edges 
of the window mounts 5, figure 4(b), have been machined to an 
angle of 23' from the perpendicular at the windows to prevent 
cutoff in the emergent light cone before the spectrometer 
collector lens. The cryostat is dosed with a tightly fitting 
expanded polystyrene lid fitted with a port for a chimney which 
also carries the internal wiring system. The exterior of this 
insulating layer is encased within a thin tightly fitting Tufnol 
casing of horizontal cross section 80 mm x 80 mm. 
3 OperatIng conditIons 
Starting with the apparatus at room temperature the equip-
ment can be cooled to an operating temperature of - 40°C in 
about 20 ruin using a liquid nitrogen boiler heater current of 
about 3 A (-.75 W). Adjustment of the boiler and the con-
trolled heater settinga allows continuous operation at any 
temperature down to - 80°C( -190 K). Steady state conditions. 
are achieved after about 30 mm. 
Tests using independent thermocouples attached to and 
located within the sample have shown that temperatures can 
be maintained constant to better than ±0-2 °C for many 
hours. Under steady state conditions no temperature varia-
tions have been observed within the sample. 
Our Raman spectroscopic work does not require such a 
precise measurement of temperature. Satisfactory estimation 
of the sample temperature is possible (to ±1 'C) by calibration 
of the meter in the thermocouple circuit to give a direct 
reading of sample temperature. A temperature differential of 
about 3°C exists between the sample and the duralumin block 
(this differential depends on the operating temperature) which 
is constant to within ± 0-5°C. If more precise temperature 
measurement of the sample is required a thermocouple must be 
located on or in the sample. 
The rate of liquid N1 consumption is dependent on the 
operating temperature but at -40°C is between 05 and 
10! h-' 
At - 40°C the windows remain free of ice and mist when 
taking 1 A at 2V even under the most humid conditions; at 
- 80°C an increase in window power consumption to about 
I 75 A at 3-5 V is required. Using these conditions the window 
heaters have worked well without attention for many months. 
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Raman Spectra of Liquid Ammonia Solutions of Metal Salts 
By PETER GANs' and J. BERNARD GLLL 
(Department of Inorganic and Structural Chemistry, The University, Leeds LS2 9JT) 
Summary Liquid ammonia solutions of simple metal salts 
give good Raman spectra with little interference from 
solvent bands; the metal-nitrogen stretching vibrations 
indicate unusual co-ordination numbers with Znh+. Hg'. 
and Ag', and ion-association effects are smaller than in 
aqueous solutions. 
RECENT reports" concerning the Raman spectra of liquid 
ammonia and its solutions prompt this communication. 
We have observed the Raman spectra of various nitrate, 
bromide, iodide. thiocyanate. and cyanide salts of mono-
valent, bivalent. and trivalent metal ions, in the concentra-
tion range 05-4M in liquid ammonia between —30 and 
—60 °C. 
J.C.S. CHEM. COMM., 1973 
zinc(Ii) is present in Ca. 151 ammonia solution in 4- and 6- 
co-ordinated forms, whereas mercury(ii) is only four- 











Na Mg Ca Sr Zn Cd Hg In 
FIGURE. Raman frequencies of the polarised low-frequency 
bands assigned to the symmetric M-N stretching vibration in 
liquid ammonia solutions ; jr. values for solid tetrammine salts 
(G. M. Barrow, R. H. Krueger, and F. Basolo. J. Inorg. N.,dear 
Chem., 1956, 2. 340) 0 and solid bexammine salts (L. Saccona, 
A. Sabatini and P. Gans, Inoeg. Chem., 1964. 3, 1732) 0. The 
point for Na is taken from ref. 2. The points A represent the 
frequencies assigned to the M-O symmetric stretching vibrations 
in the Raman spectra of aqueous solutions. 
spectra of silver salts show only a very weak feature at ca. 
270 cnr'; the band observed' for the diamxnine silver ion 
at 370 cur' (which we confirm) is absent in the liquid 
ammonia solution. A tetrammine silver complex is 
possibly present. 
The pure ammonia spectrum contains strong N-H 
stretching bands'. 3 and weak H-N-H bending bands.' In  
addition there is a very weak band at Ca. 1840 cm' and 
another at Ca. 240 cm'. The Raman spectrum of watCf 
shows similar but more extensive features.' 
All salts studied (except those of sodium and potassium) 
show a polarised low-frequency band which we attribute to 
a symmetric metal-nitrogen stretching vibration; fre' 
quencies are given in the Figure. The band for the lithium 
salts is much sharper than it is in the spectra of solutions at 
20 °C.' and consequently it is a clearly resolved feature. 
The trend in Group Its is irregular; comparison of these 
frequencies with i.r. frequencies of solid compounds and 
Raman frequencies of aqueous solutions suggests that 
915 
Measurements of bulk quantities such as transference 
numbers,' ion activities.' and conductances' indicate that 
solutions of electrolytes in liquid ammonia (with its lower 
dielectric constant) possess much larger degrees of ion-
association than similar solutions in water. By contrast, 
the effects of ion-association on the Spectra are much 
smaller. For example, the splitting of the degenerate 
N-O stretching vibration of the nitrate ion is only ca. 20 
cm-' in the concentrated solutions of bivalent metal 
nitrates, as compared to 63 cm' in a dilute aqueous 
magnesium nitrate solution." There is no clear evidence 
for 'contact ion-pairing' (anion co-ordination) in the 0-NM 
bending region, except with the trivalent indium ion. We 
suggest that the ligating ammonia molecules shield the 
anions more effectively from the cations than do water 
ligands and are also stronger donors. 
Most anion bands are sharper in ammonia than in water, 
partly because of the lower temperature. For example, 
the symmetric NM stretching band has a minimum half-
width of ca. 7 cm-' in water. In ammonia at room tem-
perature it is 11 cm', but at —40°C it becomes Ca. 25 
cm-'; consequently a peak associated with (N"O"O,)' can 
easily be resolved in most spectra (isotopic shift 21 cm-i, 
natural abundance 1/500), even at high solute concentra-
tions. 
We conclude that liquid ammonia is an excellent solvent 
for Raman spectroscopy, just as water is. The effects of 
ion-association are, unexpectedly, less noticeable and work-
ing at low temperature gives particularly well resolved 
spectra. Further study of these spectra should lead to new 
insights into solution processes and to a better under-
standing of solute-solvent interactions. 
(Received, 17th September 1973; Corn. 1291.) 
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Spectrochemistry of Solutions. Part 11. 11 Raman Spectra of Aqueous and 
Liquid Ammonia Solutions of Metal Salts t 
By Peter Gene • and J. Bernard Gill, Department of Inorganic and Structural Chemistry, The University, Leeds 
1.52 9JT 
The Raman spectra of salts of Li. Na. K. Rb. Cs. Be. Mg. Ca. Sr. Al. Ga. In, Zn. Hg. Pb. and Ag have been recorded 
in liquid ammonia. From trends in the frequency of the symmetric metal-4igand stretching vibration, it is deduced 
that the co-ordination number of U. Be5 '. Zn'. Hg"'. and Ag Is four, and that of Mg 5 . Ca". Sr". Ba'. 
Ga". ln'. and Pb' is six. The co-ordination numbers of Zn" and Ag are thus not the same in liquid ammonia 
as they are in water. The vibrational spectrum of the solvent and of nitrate anions in liquid ammonia are briefly 
discussed. 
THE structure of molecules and ions in solution is poorly 
understood in comparison with the structure of species 
in the solid and gaseous states. This is because 
structural information on solutions must be obtained by 
relatively indirect means. For example, thermodynamic 
studies yield information concerning bulk properties and 
it is difficult to extrapolate from these to molecular 
properties, as shown by the widely varying estimates 
of co-ordination number obtained by such means.' 
Spectroscopic studies yield information concerning the 
energy levels in molecules and ions, and these energy 
levels may be sensitive to the type and structure of 
solvation. Hence spectroscopic techniques of the e.s.r., 
n.m,r., i.r., and Ra.man variety will give us the most 
useful information. Accordingly we have initiated an 
extended study of the spectrochemical properties of 
solutions. We have chosen to start with liquid ammonia 
because of its ability to dissolve many salts, most of 
which are also soluble in water. Hence we shall be 
able to compare the properties of aqueous and ammonia 
t No reprints available. 
I Part I, P. Gans and J. B. Gill. J. Phys. (E), 1976, in the 
press. 





solutions and from each gain further insight into the 
other. 
This paper presents the results of a general survey of 
metal salts dissolved in liquid ammonia, which has 
already appeared in preliminary form.' We concentrate 
mainly on the structure of the cationic species. Subse-
quent papersin the series will report: the results of a 
detailed study of alkali-metal nitrate solutions and ion-
pair formation therein; an examination of the equilibria 
of cyano-complexes of silver in liquid ammonia; and a 
survey of the spectra of anions, considering some anions 
in detail, and presenting direct evidence for various 
types of ion association in liquid ammonia. Much of 
the experimental work for these papers is already 
completed. We then intend to transfer our attention to 
other solvents. 
When this work was begun the Raman spectrum of 
liquid ammonia as a function of temperature '.' and 
pressure' had been studied in the N-H stretching region. 
The Rayleigh scattering of liquid ammonia was briefly 
illustrated.' Solutions of various nitrates were cursorily 
examined 7  and the Raman spectrum of the germyl ion, 
[GeH,], and liquid ammonia were reported.' Some is. 
studies have also appeared.' References to more recent 
work are given below. 
EXPERIMENTAL 
All salts were thoroughly dried and recrystallized several 
times from pure anhyd.rous ammonia before spectroscopic 
minatlon of their solutions. The salts sodium nitrate, 
sodium iodide, potassium nitrate, rubidium iodide, caesinm 
iodide, lead nitrate, and silver nitrate (all of analytical 
grade) were first dried in vacsso over P401, for up to 2 
weeks before recrystallization. Silver iodide, freshly pre-
cipitated from dilute aqueous solutions of XI and Ag[NO], 
was dried for I d in vacua over P,014 and then recrystauised 
three times from liquid ammonia. 
Magnesium, calcium, and cadmium nitrates were obtained 
in a fairly dry state by drying is vacuso over P,O,, for 3 d 
at room temperature followed by 3 weeks at 60 'C. The 
product at this stage contained basic material which was 
removed by filtration of the solutions in liquid ammonia 
prior to two further recrystallisations. Zinc and mercury-
(u) nitrates were treated in an analogous manner, except 
that at the first filtration stage cloudy filtrates were pro-
duced. The 'formation of these amido-species was re-
pressed by the addition of a trace amount of ammonium 
nitrate which clarified the solutions in the two subsequent 
cryatallisations. Strontium nitrate was dehydrated by 
heatingthccrystalsfOr lhat7O'Cfollowedbyafurther 
period of 4 h at 110 'C before recrystaflisations from liquid 
ammonia. Magnesium perchiorate was dehydrated and 
purified by recaystallising three times from liquid ammonia 
the contents of a freshly opened bottle of anhydrone. 
Lithium nitrate forms a Divers-type solution In liquid 
ammonia and cannot be satisfactorily recrystallised. The 
P. Gans and J. B. CIII. J.C.S. Chess. Cowan., 1973, 914. 
B. Bettignies and F. Wallart. CampS. rend.. 1970. BZ71. 640. 
'C. A. Plint, R. M. B. Small, and H. L Welsh, Caused. J. 
PAys.. 19U. 32. 653. 
• J. A. Bucaro and T. A. Litovits. J. Chess. PAys., 1971, 54, 
3846. 
M. G. Costeanu, Camps. rend.. 1936. 202. 1432.  
salt (Ca. 10 g) was melted and held in uacuo at 250 'C for 
2 h. An apparatus was designed to allow filtration of the 
melt through a glass sinter (porosity 2) when inverted. 
The cooled solidified filtrate was used in the preparation of 
sample solutions. 
It had originally been intended to prepare the solution 
of beryllium nitrate in liquid ammonia by the electrolysis 
of the ammonium salt (2 mol dnc') using a beryllium metal 
anode and a piatinum cathode. This proved to be im-
possible due to decomposition at the anode, of either the 
solvent or the nitrate ion, at voltages greater than 2.5 V. 
Ammonium iodide solutions electrolyse satisfactorily up to 
a voltage of 8.1 V. Using a current of 40 mA at 7.5 V 
(area of Be anode. 0.95 cm'). a solution of ammonium iodide 
(2 mol dm') in liquid ammonia was electrolysed at -40 'C 
in an H-shaped apparatus in which the anode and cathode 
compartments were separated by a tinter in the cross-arm. 
A. solution of beryllium iodide (analysis 0.3 mol dm') was 
obtained against a background of fNH,)I in the anode 
compartment after 16 h. A small portion of the solution 
was filtered through a sinter (porosity 3) directly into a 
sample tube and sealed for spectroscopic examination. 
Aluminium iodide, prepared by direct combination of 
the elements, 1' was recrystallised three times from liquid 
ammonia. Initial ammoniation of the iodide was carried 
out very slowly by passing over it nitrogen gas saturated 
with ammonia vapour at -65 'C. Failure to do this 
carefully resulted in the evolution of much heat and the 
decomposition of the iodide. The solution used for spectro-
scopic examination was almost saturated at -33 'C (0.3 
inol dm', 0.121 kg dm'). Gallium iodide was prepared by 
heating gallium metal (2.55 g) and iodine (15.1 g) under 
reflnx in dried freshly distilled carbon disulphide (250 cm') 
for 5 d until all metal had dissolved." After removal of 
the bulk of the solvent, the residual slurry of crystals 
(50 cm') was filtered under dry oxygen-free nitrogen and 
washed with sodium-dried light petroleum (h.p. 60-80 'C), 
yield 9.6 g. The product was recrystauised three times 
from liquid ammonia, the first aenmoniation being carried 
out as for All, to prevent excessive evolution of heat during 
ammoniation. After a third recrystallisation, the product 
was dissolved in liquid ammonia and a small volume filtered 
directly into the sample tube before sealing to produce a 
solution which was Ca. 0.3 mol dm' in Gal, at -33 'C. 
Tefra-amminezinc(n) tetrafluoroborate was prepared 
from aqueous solution." The first solution prepared in 
liquid ammonia was turbid. cf. Zn[NO,],. but the amido-
formation was repressed by the addition of a trace of 
(NH,]CNO,) during the first recrystallisation. Three re-
crystallizations were carried out. 
Large single crystals (0.5-1.0 cm') were selected from a 
freshly opened bottle of anhydrous indium nitrate and 
immediately dissolved in liquid ammonia. Turbidity due 
to amide formation was repressed by addition of a few 
crystals o: (NH4][NO,] during the first of three re-
crystallisations. 
Tetrausmmcnesilver(1) perchlorate was prepared by re-
crystallizing silver perchiorate twice from 0.880 s.g aqueous 
ammonia, and twice from liquid ammonia at 240 K. The 
'T. Birchafl and I. Drumznond, J. Chess. Soc. (A). 1970, 1866. 
• J. Corset. P. V. Huong. and J. Lascombe. Specirochirn. Ada, 
igds. 24A. 1386, 2046. 
Is G. W. Watt and J.L. Hall, Thorg. SyntA., 1963. 4, 117. 
1 F. Kutek, Coil. Czech. Chess. Comm., 1966, 31, 1876. 













product loses ammonia rapidly when exposed to air (Found: 
Ag. 39.0. H15AgCIN4O4 requires Ag. 39.1%). 
Pure anliydrous ammonia was obtained by distilling 
ajihydrouS liquid ammonia from its cylinder into a second 
stock cylinder containing sodium ainide. The ammonia 
used in the experimental work was then distilled from this 
cylinder, passed through a glass-wool filter, and condensed 
on to the solid samples.  
781 
prepared by standard techniques but were always put 
through a Millipore filter to clarify them. 
Raman emission was analysed using a Coderg PHO 
spectrophotometer with d.c. amplification and a cooled 
photomultiplier. On this instrument the laser beam (A.r 4 
or He—Ne), and the emergent Raman beam at right angles 
to It, lie in the horizontal plane with the sample held 









Concen- 	pm 	 N—H stretching 
tration • TIK (M—NH) , 	 r 	r, 	21 
1 : 60 	223 249 	708 1 044 1 360 1 662 	b 	1 640 3213 3 300 3 380 
1 : 20 233 c 710 1 044 1 365, 1 862 
1 380 (sh) 
1:10 293 c a f d a 
1: 70 293 c 712 1 044 1385. 
1 361 
1:7.6 293 c d a a a 
1:12 293 c a a a a 
1:130 242 485. d a a a 
1 : 100 233 329 710 1 047 1 350 (sh), 1 660 
1310 
1:26 233 330 a a a a 
1 : 20 233 265 708 1 044 1 361 1 661 
1: 150 233 250 708 1 045 1 370 1 661 
1:160 236 c a a d a 
1:100 243 477 a a a 1 
1 : 45 233 440 711 1 044 1377, 1 663 
1 350 
6 1640 3212 3300 3382 
1055 1640 
1060• 
b 1640 3210 3299 3389 
b 1640 3226 3306 3390 




1 100 1 646 3 215 3295 3 372 
1085 1645 
1 120 1 650 3 210 3 290 3 360 
b 1640 3200 3300 3370 
1075 1640 
b 1635 3216 3300 3380 
6 1 637 3215 3300 3380 
1060 1640 3210 3300 3380 
1 050 
b 1635 3216 3302 3382 
Zn[NO,), 1:40 293 437 711 1 046 
Zn(N01J, 1 : 40 233 438 709 1 045 1370, 1 664 
1 360 (sh) 
Zn[BF1J, 1 :40 293 440 d a a a 
Zn(BPJ, 1 :40 213 435 a a a a 
Cd(NO,), 1:60 233 342 .710 1 045 1370. 1 662 
1352 
Hg(NO,)1 1:21 233 416 710 1 046 1375, 1 662 -. 
- 1345 
pbfNO,]5 1 :40 233 315 709 1 046 1370. 1 660 















(BF: 769p. 356. 
525 
ce. 240 
1 240p?. 3 180 (sh) 
["ONO,): 1025, 
I l3Op. 
3 166 (sh) 
AgfNO,] 	1 :100 233 263 	710 1 046 1 368 	1 661 	b 	1 840 3 206 3 300 3 380 
AgI 	1: 20 	243 260 a 	a 	a a 1080 1 640 3 214 3 294 3 393 
sh - shonider. p - polarized. 
• Expressed as the ratio moles of solute metal ion : moles of ammonia. $Obscured. • Not observed. 'Not present • Partially 
obscured by (BF] band. 
All recrystallisations were carried out under an atmo-
sphere of ammonia gas in apparatus which incorporated 
standard techniques for the handling of air- and moisture-
sensitive compounds. The filtrations were eected by 
inversion of the apparatus and a range of fils of various 
porosities was available. Sample solutions for spectre-
scapic examination were prepared by dissolving a weighed 
quantity of the recrystallized salt in either a known volume 
or a known weight of solution using standard vacuum-line 
techniques. In the former case the solutions were trans-
ferred at ca. 50 eC  to a 10 x 5 x 45 mm fluorimeter cell 
mounted in the cryostat and attached to the line. In the 
latter case, solutions (Ca. 1 cm') were sealed into ampoules 
of standard Pyrex glass tubing (5-mm internal diameter, 
9-mm outside diameter). The use of recrystallized salts in 
the preparation of the ammonia solutions gave very clear 
solutions and eliminated the need for filtration before the 
Raman spectrum was recorded. Aqueous solutions were  
housed in a specially constructed top-loading cryostat.' 
Frequency calibration was against indene, neon, or plasma 
linea. 
RESULTS 
A typical spectrum of a metal nitrate in liquid ammonia 
is shown in Figure 1. Because the low-frequency band 
lies in the foot of the Rayleigh wing, its depolarization ratio 
cannot be measured directly, although this is very small 
(Figure 1). Observed Raman bands for metal salt solutions 
are in the Table, and the observed M—NH 5 stretching bands 
are given in Figure 2. Attempts to locate a polarized low-
frequency band in ammonia solutions of salts of K, Rb. 
Cs+, and  1U+  were not successful. 
A number of spectra of aqueous solutions were also 
recorded. The polarized low-frequency bands observed 
are also given in Figure 2. Suitable bands were not 
observed in the spectra of aqueous solutions of Ag. Ca'. 
Srt4. Ba', Pb 4, Ti4 or with any of the alkali-metal ions. 
Further details concerning the aqueous spectra are not 
given here, as they accord well with published data,il.tt 
with minor differences. 
J.C.S. Dalton 
DISCUSSION 
Am'nonia.—Previous investigations of the spectra of 
liquid ammonia and its solutions were concentrated 
almost entirely in the N-H stretching re gion.'LS, 13-20  
This region is complicated by Fermi resonance and 
another process whose nature is controversial, which 
result in an envelope which must be resolved into four 
rather than the expected two bands of A 1 and E sym-
metry. We observed an additional band at Ca. 3180 
cm 1 in the spectra of solutions of Ca", Mg 24, and 
P24 
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Wavenuinber Icm 
FIGURZ 1 Raman spectrum of Ca[NO,1], in liquid ammonia at 
215 K.. The bands marked with an asterisk are polarised. 
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,.re(flbl10H5) 13 
Spectra of Ag 4. Zn'4, Cd', and Cu' were also recorded 
in solution in 0.880 e.g. aqueous ammonia. 
"R. E. Hester and R. A. Plane, Iso,. Ch.sm., 1964. 3, 768. 
14 D. J. (ardiner. R. E. Hester, and E. Mayer, J. Mel Struc-
tsar., 1974, 22. 327. 
" M. Buback, Bat. Busscngesell 	 ,.schafl PAys. CA... 1974, 73, 
1230. 
1 M. Schwartz and C. H. Wang. J. Chess. PAys.. 1973, 10. 5258. 
" K. R. Plowman and J. J. Lagosvski. J. PAys. CA.., 1974,73, 
143. 
2500 	2000 	1500 
	
Wavenumber/ cm 1 	 - 
Fiousa 3 Raman spectrum of liquid ammonia at 196 (a), 
232 (6). and 293 K (c). The envelope has been resolved into 
components having Lorensian shape. Both bands are 
depolarised 
Pb24, which is presumably to be assigned to metal- 
co-ordinated ammonia N -H stretching vibrations. 
U A. T. Lemley, J. H. Roberts, K. R. Plowman, and J. J. 
Lgowski. J. Ph7s. Chess., 1973, 77, 2186. 
D. J. Garthner. R. E. Hester. and W. E. L. Grossman. J. 
Rama" Spearoscopy. 1973. 1. 87. 
D. J. Gardiner. R. E. Hester, and W. E. L. Grossman. J. 
Chess. PAys.. 1973. 59. 175. 
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Other evidence for co-ordinated ammonia was lacking 
in this region, but there was usually a large excess 
of unco-ordinated ammonia present to mask the 
bands due to the complex cation. Even in many con-
centrated systems, such as Li[NO3)2.9NH, in which all 
the ammonia is almost certainly co-ordinated, there is 
little shift of the major frequencies. •. - 
Our results are entirely concordant with the under-
lying four-band hypothesis for the N-H stretching 
region. However, since there is little direct evidence for 
extensive hydrogen bonding, for example in the 1375 
cm region of the spectrum of the nitrate ion (see 
below), we are inclined towards Buback's 
in terms of the symmetric and antisymrnetric components 
of the overtone of an. ammonia deformation mode (v4) 
resulting in the two extra components, through Fermi 
resonance. However, the dilution experiments" 
strongly suggest a solvent association link. It could be 
that v4 is association sensitive. 
In fact the v4 region of pure ammonia is more complex 
than has been appreciated, :as suggested by Figure 3. 
The very broad feature we observed at ca. 1 750 cur' 
has not previously been recognised. Its integrated 
intensity is. at 293 K, more than five times as large as 
the intensity of the narrow band normally assigned to 
600 	 300 	 0 
Wovenumber / cm" 
FIGURE 4 Rayleigh wing (unpolarised) of pure ammonia at 
198 (a), 212 (b), 232 (c). and 293 K (41). The specfra have been 
shifted on the vertical scale for the sake of clarity 
v4, although the relative proportion decreases with 
temperature. We did not study this band in the salt 
solutions. The assignment of the broad band is a 
783 
matter for speculation. This band could originate 
from associated solvent molecules, and, if this is the case, 
its overtone might be in Fermi resonance with N-H 
stretching vibrations. 
The symmetric ammonia deformation (v,) shifted 
from 1 050 cur' at 293 K to 1 075 cur' at 196 K in pure 
C 
C 
3000 	 2000 	 1000 
Waysnumber Icnrt 
FIGURE 6 Raman spectrum of liquid ammonia at 198 K 
btwt,,u 400 and 3000 cm 
ammonia. This also suggests that the ammonia deform- 
ation modes are sensitive to the molecular environment 
and, perhaps, to the state of aggregation of the liquid. 
At low frequencies we find an extensive Rayleigh 
wing as noted previously. However the 'band' which 
we previously reported' to be at ca. 240 cm seems to 
have been a grating ghost as the spectra obtained 
subsequently using new gratings (Figure 4) did not 
show it. It is nevertheless difficult to observe weak 
features below ca. 200 cur' because of the extent of the 
Rayleigh wing. This is seen clearly in the context of a 
complete spectrum of liquid ammonia (Figure 5). The 
low-frequency ' librational ' features which are so 
dearly visible in the Raman spectra of water 21 are thus 
not to be seen in ammonia. This is another reason why 
we do not believe that hydrogen bonding is extensive in 
ammonia.22  
Various iodides caused a depolarised 'bulge' to 
appear in this region (Figure 6). This 'bulge' was 
noticeable only in the very concentrated solutions 
(solutions perhaps more aptly described as molten 
ainmoniates) but did not usually occur with other 
anions. It was also observed that the ' broad' ammonia, 
band moved to lower frequencies in these solutions. A 
band at Ca. 1 200 cur', perhaps potarised, appeared in 
the spectra of solutions of Hg 2 and Pb' 1 . This is the 
only additional band to the solvent and anion bands, 
apart from the low-frequency band which forms the 
major part of this discussion. 
Melal-Solceni Streiching .'l!odes.—A sharp polarised 
51 G. E. Walrafen in' Vater. A Comprehenaive Treatise. cd. 
F. Franks, Plenum Press, New York. 1972. 
J. B. Gill, J. Chess. Educ., 1970. 47. 819. 
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band in the 200-500 cur' region is assigned to the 
totally symmetric vibration of the complex cation 
[M(N1145144. From the trends in frequency of this 
band (Figure 2), and by arguments of analogy, we 
deduce the co-ordination number, x, of the metal cation. 
We shall show that co-ordination numbers of cations in 
ammonia are the same as in water except for Zn' 4 and 
Ag4. 
The frequency of the totally symmetric vibration, 
(M-NH,), is independent of the mass of the metal 
ion which is stationary during the vibration. Variations 
'S 
C 
750 	500 	. 	250 	 0 
Wavenumbe, /cmI 
Fiousa 6 Low-frequency Reman spectra of NaI (a), Rb! (6). 
and Ce! (c) In liquid ammonia at 293 K. For details of 
concentrations we the Table 
in the frequency of v(M-NH,) therefore result from 
changes in the intrinsic resistance of the metal-ammonia 
bond to deformation, i.e. period changes, or from changes 
in co-ordination number." An example of a periodic 
change is shown in Group 3 with the ions A124 , Ga', 
In'1 , and fl$+,  (The band at ca. 470 cm-1  in aqueous 
solution was wrongly attributed" to the ion 11k; a 
solution of pure.TIfNO,] shows no such feature.) In 
water M-OH.J decreases gradually with increasing 
atomic numbe± which is the normal periodic trend. A 
co-ordination number of six has been established by 
n.m.r. methods for A134 . Ga'1, and In" in water. 11 
03 P. Gaas,' Vibrating Molecules,' Chapman and Hall. London, 
1971, ch. 8. 
" A. Fratiello. R. E. Lee, V. M. Nishida, and R. E. Schuster, 
J.
24
. Chem. PAys., 1968, 48. 3708. 
" R. E. tfeater and W. E. I.. Grossman. Spearochirn. Aaa, 
1987, A23, 1946. 
The intensity of ,(M-OH2) also increases dramatically 
in the order Al < Ga < In".< Ti. 
In ammonia the data are less extensive. The Al" 
ion has a co-ordination number of six from n.m.r. 
data," but we were unable to locate t' m(AlNH,) for 
two reasons: the most soluble compound A113 gives a 
maximum concentration of 0.3 mol dm' at 233 K, which 
in Raman terms is not particularly concentrated; and, 
by analogy with the aqua-system, v,(Al-N}LJ is 
expected to be relatively weak. For Ga' 4 and In", 
v,(M-NH,) is at ca. 60 cur' lower than M-OH,) 
in both cases. Since (s) in. water Ga" and In" have the 
same co-ordjuation number as has AI', viz, six, (is) A124 
is also six.co-ordjnate in ammonia, and (iii) M-NH.J 
is at Ca. 60 cur' lower than 'i,,.,4M-OH,) for both Ga'' 
and In', we propose that Ga' 4  and In" have the same 
co-ordination number in ammonia, and that its value 
issix. . 
In Group 2A, Mg21  has a co-ordination number of six 
in water, and a corresponding 's(M-OH.J band at 
358 cur' (360," 357 cur' I7.), In ammonia, n.m.-. 
work" gave a co-ordination number of six to Mg", 
and(Mg-NH,) at 330 cur' is some 25 cur' less than 
the corresponding value in aqueous solution. It follows 
by analogy with Group 3 that Ca' 4  and Sr' are also 
six-co-ordinate in ammonia, although corresponding 
M-OH,) bands could not be observed. A single 
crystal study 30  gave Sr-OH, (terminal) at 275 cm'. 
Plowman and Lagowski" observed v,(M-NH.J at 
215 (Ba"), 240 (Sr' 4), 284 (Ca'4), and 328 cur' (Mg"). 
These values, obtained with solutions of the perchiorate 
salts at 293 K, are in excellent agreement with ours. 
Their value for Ba' 4  indicates that. a co-ordination 
number of six is appropriate. The Be24 ion has a 
co-ordination number of four in water, 11 and 
(Be-OH,) is at 532 cur'." In ammonia, v.(M-NH,) 
is found at 485 cm4, some 45 cur' less than the aqueous 
value. The difference between the bands of Be' 4 and 
M994 is 170 cur' in water and 155 cur' in ammonia. 
These findings are fully consistent with Be24 having the 
anticipated co-ordination number of four in ammonia. 
To suinmarise for Group 2A, 	(M-NH,) follows the 
trend &'> M9'4 > Ca'4 > Sr'4 > Ba', with a 
smooth decrease along the heavier six-co-ordinate ions. 
In Group 1A we presume Li 4  is four-co-ordinate 
[(Li-NH,) at 240 cm 11. 17 The decrease in frequency 
relative to four-co-ordinate Be' 4 is consistent with the 
decrease in oxidation state," We confirm that NaCCIO,] 
gives a band at 194 cu71,17 but we consider that this is 
insufficient evidence from which to deduce a co-ox -din-
ation number for Na4. Values for the other alkali 
metals are needed here but will be difficult to obtain 
06 H. H. Glaeser, H. W. Dodgen, and J. P. Hunt, J. Aw.s'. 
CAsts. Soc., 1967, 89, 3065. 
1'T. G. Chang and D. E. Irish, J. PAys. Che,,,., 1973. 77, 52. 
ts M. Peleg. J. PAys. CAsts., 1972, 76. 1019. 
" L W. Harrison and T. J. Swift,  J. Amer. CAsts. Soc.. 1970, 
92. 1963. 




because of their tow frequency 'and the mainly ionic 
character of the M-NH, bond. 
We conclude that Ag 4 is four-co-ordinate for the 
following reasons. The band at Cd. 370 cur' observed" 
as of the ion [Ag(NH,),]" is not visible in 
liquid-ammonia solution; a new band at Ca. 290 cm is 
just 'dizcernible in the Rayleigh wing. The decrease in 
frequency would be consistent with a change of co-
ordination number from two to four. Although there is 
no evidence for the formation of tetra-arnmine silver 
complexes in aqueous solution, we have synthesised an 
unstable compound having the formula Ag(NH,) 4C104 , 
by recrystallising [Ag(NH,)0[Cl0 4) from liquid ammonia. 
We note an early report that solid Ag[C10 4] absorbs 
ammonia gas up to the stoicheiometry Ag[C1O]-3NH, at 
288 K," and point to the analogous situation in pyridine 
where an unstable compound [Ag(py) 4][C104] is formed." 
Surprisingly, Ag! in 'ammonia at 223 K was reported by 
Linhard" as early as 1938 to give Raman bands at 
192 and 160'cnr1 I The formation of (Ag(NH,) 4]' 
sheds some light on the received explanation of a very 
well known and elementary phenomenon, the solubility 
of silver halides in ammoniacal solutions. We suggest 
that two different reactions take place, and that the 
NH.(.q 
AgX 	- (AgNH),1 4 (X = Cl or Br) (1) 
Ag! 
lcH.(1) 	
(Ag(NH,))" 	 (2) 
solubility of Ag! in ammonia is a result, not just of the 
greater concentration of ammonia ligand, but of the fact 
that a different reaction takes place when compared to 
strong aqueous ammonia. -. - 
The situation in Group 2B.i 6thp1ex' At first'sigbt 
it seems that v(M-OH,J follows a regular trend 
Zn1>Cdh11>.Hg"PHOWeverthe .b3fld n-
tensity for mercury is acid sensitive and.would them-
fore seem to originate from a hydrolyzed species rather 
than a simple aqua-ion. For Zn"', thvalne for aqueous 
solution (386 cm') is almost identical 'with that for the 
solid complex (Zn(OH2),1[SiF,] (388 cm'); W it is thus 
very probable that both Zn"' and Cd" are six-co-
ordinate in water, although there is no direct evidence 
such as n.m.r. concerning the co-ordination number in 
the aqua-ions. 
The frequencies of v,(M-NH.J observed in liquid 
ammonia are very ernilar to those found in 0.880 s.g. 
aqueous ammonia (Zn 431, Cd 342 aIr'). In view' of 
the known aqueous chemistry, this gives' Zn24 a cc-
ordinatioiz number of four and Cd14 a co-ordination 
number of six. Support for this assignment is provided 
"M. G. Miles. J. H. Patterson. C. W. Hobbs, M. J. Hopper. J. 
Overend. and R. S. Tobias. Inovg. Cheni..' 1968.7. 1721. 
tIG. Broth and G. Levi. Gaare!ia. 1916.48. 11. 
4'R. Macy. J. 4mev. Chem. Soc.. 1925. 47. 1031. 
4 M. Linbard. Z. pisys. C1.eis.. 1936. A175. 438. 
"0. E. Irish. A. R. Davis. and R. A. Ilane, J. Chem. Phys.. 
1969. 50, 2262. 
U A. T. G. Lernley and R. A: Plane. J. Chess. PAys., 1972, 57, 
1648. 
27  A. R. Davis and D. E. Irish, Inovg. Chess., 1968.7. 1699. 
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in the zinc case by the Kaman spectra 0t four-co-
ordinate complexes of "Zn and "Zn [Zn(NH)! 
((Zn-NH,) at 432.0 and 431.5 cur 1].40 If we assign 
to Hg" a co-ordination number of four, then the Raman-
active vibrations of the Group 2 ions are all at slightly 
higher frequency than the corresponding i.r.-active 
vibration: [Zn(NH.JJCt,.. 437; 4' (Cd(NH),]Cl,, 298; 4' 
[Hg(NH,)4)[ClOJ,, 408 cur'.4' The small decrease in 
frequency from Zn"' to Hg' is consistent with their 
both having the same co-ordination number. 
Comparing aqueous and ammonia solutions, it will be 
seen that in all cases (Be", Mg", Cd 24, Ga"', and In') 
v,(M-OH.J liui at a higher frequency than v,(M'-NH,), 
with the single exception of Zn24. 'This is evidence that 
the co-ordination number of Zn 24 is different in the two 
solvents, and is surprising in view of the fact that zinC 
hexa-aznxnines can be crystallized from liquid ammonia 
(as chloride, bromide, or iodide) and give i.r. M-NH, 
stretching frequencies almost equal to those of the 
corresponding cadmium compounds, 4' implying not 
greatly different bond strengths. 
At low temperatures a new, additional, polarised band 
appears at 358 cm' in the spectza of Zn[NO,], in 
ammonia. This new band is not preent in the spectnmzn 
" "L' 4J 
assigned as a Zn-ONO, stretching vibration, rather than 
s,(Zn-NH,) in [Zn(NH,)024 as suggested earlier." 
There is supporting evidence 'for nitrato-complex foim-
ation in the NO, -) band which is broader than 
normal. 
The Pb"' ion is assigned a co-ordination number of 
six by comparison with Cd". 
Condusons.—The co-ordination number in liquid 
ammonia of thi ioñ rLi+.  Ag", Be", Zn' 4, and Hg"' is 
four, whereas .Tót Mg+,  'Ca' Sr3", Ba'', Cd'4, Pb"', 
Al", Ga"', and In' it is six. :  Thus, the only differences 
beteà' arnmânia and water appear with Ag" and 
Zn"'. The co-ordination around Ag in water appears 
to be linear,4' but the evidence is rather indirect. A 
consequence of the change in dispthition and number of 
solvent ligands is that the chemistry of Ag" in liquid 
ammonia 'may be profoundly different relative to its 
aqueous chemistry. For example, (Ag(CN),J is much 
less stable in ammonia than in water. 'There is no 
evidence for the existence of [Ag(NH,) 4] 4 ions in an 
aqueous environment, but four-co-ordinate N-donor 
complexes such as.(Ag(py),]" are known." 
The 4'(M-NH2), band is usually found at lower 
frequency thanM-OHj. This is also true of 
J v,(M.NH compared to v(MOH,) in the few cases 
Z3. H. B. Qarke and L. A. Woodward, Trans. Faraday Soc.. 
1.61.207: R. B. Bernstein. H. G. Pars, and D.C. Blumenthal. 
J. Amer. Chess. Soc., 1957, 79. 1579. 
4' J. P. Mathien and M. Tobailem, Camp!. rend.. 1950.231. 127. 
896; we also B. La$ont, sbsd.. 1947. 224. 1481 for data on zinc 
sulphate. - 
3. Takesnoto and K. Nakaxnoto. Chess. Comm.. 1970. 1017. 
1 L. Sacconi. A. Sabatini. and P. Cans. r.. Chess.. 1964. 3. 
1772. 
4' G. IL Barrow B. H. Krueger, and F. Basolo, J. inorg. 
Nvclea, Chess.. 1956. S. 340. 
4' J. W. Akitt.J.C.S. DaUon. 1974. 175. 
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where a direct comparison is possible (Ni' 4. Mn24, and 
NilraIe Specfra.—We conclude, this survey with a 
brief discussion of the spectral features due to nitrate 
anions. Our work on the alkali-metal nitrates (Part 
111 46) shows that the extent of contact ion-pair form-
ation is very temperature sensitive. Therefore it is not 
wise to 'compare these results, which were mostly 
obtained at 233 K. with results for aqueous solutions 
obtained at 293 K. 
In all cases the nitrate ion gave rise to single bands 
at Ca. 710 (vi),' 1 044 (vi, p). and 1 662 cm (2v,, p). 
The v band was particularly sharp (width at half height. 
w1 . 2-3 in- ')' in all spectra, so that the, ["ONO] 
satellite could be dasily observed' at ca. 1027 'cm' (see 
Figure 1) even at the natural abundance of 180 (0.204 
atom %, 0.612'moleeule %). The fact that , does not 
show obvious fine structure is indicative that there is 
little contact ion. pairing.V.. The 2vi'  band was 
strikingly apparent being similar' in height to the v 
band. It has previously been observed in aqueous 
solution,''" although it appears as a broad feature. 
In both' cases there is overlap with a solvent-
deformation mode, but in ammonia this is much broader 
than 2's, which consequently appears to 'site on the 
solvent band. 
"K NIamOtO. sInfraxed Spectxaof Inorganic and Co. 
ofdinationCompoonds,' Sad edn., WIl4yrNew York, 1970. 
J.C.S. Dalton 
The va (asymmetric N-O stretching) region shows the 
greatest difference from the aqueous analogue. It is 
much less broad; w1 is of the order of 60 cm'. There 
is evidence for at least two underlying features at 
ca. 1 370 and 1 350 cm 1 in most spectra, but detailed 
examination of the alkali-metal nitrates has revealed 
mOre fine structure. It is widely believed that in 
aqueous solution hydrogen bonding is the origin of the 
complexity of the , envelope, its main function being 
to lift the degeneracy of the vibration. The results in 
ammonia are consistent with there being much less 
hydrogen bonding. Complex formation would be 
evidenced by a band at Ca. 1 400 cnr', and the absence 
of such a feature is consistent with the indication, from 
v, that little complex formation (contact ion pairing) 
takes place under our experimental conditions. This is 
unexpected, since ammonia has a much lower dielectric 
constant than water, but may be due to the low tem-
peratures employed. it is particularly obvious with 
ions such as Ca' and In" which form contact ion pairs 
with' ease in water at ambient temperatures. 
We thank M. Griffin for the preparation of tetr'a-ammine-
silver perchiorate. 
(5/1765 Received, 15A Sepsmbe,', 1975) 
P. Gaas, J.B. GUI. and M. Griffin, unpublished week. 





Wnwrer I cnr 
F)ge 1. Resolved bands in the C-N stretching region of the Raman 
spnctza of liquid ammonia solutions of NaCN and KCN (parallel polar-
ization). 
— r 
Flginellbenristion with concentration (expressed astog(l/(l + r)) 
of resolved component areas (cepressed as percent of the total band area) 
for liquid ammonia solutions of NaCN at 233 K. 
Direct Obser,ation by Raman Spectroscopy of the 
Coexistence of i Variety of Jon-Paired Species In 
liquid Ammonia Solutions of Alkali Metal Salts 
Sir: 
Spectroscopic studies have provided indirect evidence' for 
the existence, in electrolyte solutions, of contact, solvent-shared 
and solvent-separated ion-pai& It has further been suggested 
that the relative concentration of each type of ion-pair is de-
termined by the bulk dielectric constant, t, of the solvent. 3 •4 
For liquid ammonia t is in the region within which the different 
types of ion-pair may coexist. 4 We present the first direct ev-
idence, from the Raman spectra of multiatomic anionic species, 
that variouJtpcs of ion-pair do coexist in liquid ammonia 
solution. We illustrate this evidence by giving some details of 
the spectra of sodium and potassium cyanide solutions and the 
way they change with changing concentration, temperature. 
and cation. The spectra of other anions which show comparable 
changes are discusscd briefly. 
The isolated cyanide ion shOuld give a single Raman-active 
band at Ca. 2050 cm' corresponding to the C-N stretching 
vibration. The most striking feature of the solution spectra is 
that more than one band is observed in all cases. Resolved 
spectra for one concentration of each of the salt solutions at 
two different temperatures are illustrated in Figure I. 
At least four (polarized) components (not necessarily all 
visible in the same spectrum) are clearly required to obtain a 
satisfactory fit of the anion's spectrum with sodium cyanide 
sOlutions. These appear at ca. 2083 (A). 2072 (B), 2067 (C), 
and 2059 (E) cm', and all are comparatively sharp. 5 The 
half-width, w, is between 2 and 9 cm 1 and is much less than 
is observed for comparable bands with aqueous salt solutions. 
The variation of relative intensity of each component with 
changes in concentration and temperature are shown in Figures 
2and 3. (r = numberofmolesofsolvent/numbcrofmolesof 
solute). With decreasing concentration components A, B. and 
C decrease in intensity with respect toE, the lowest frequency 
component. E becomes the predominant feature of the spec-
trum at lowest concentration. Similar intensity-concentration 
trends occur at all temperatures studied. The effect of de-
creasing temperature is similar to the effect of decreasing 
concentration and E is the predominant feature of the spectra 
obtained at the lowest temperature. 
The Raman spectra of KCN solutions are simpler, and can 
be resolved into only two components, X at Ca. 2062 and Y at 
Ca. 2060 cm. Similar concentration and temperature trends 
apply to the intensities, with the component at the lower fre-
quency. Y, becoming the more dominant feature at low tern- 




FIgure 3. The variation with temperature of resolved component areas 
(expressed as percent of the total band area) for liquid ammonia solutions 
of NaCN air 19.3. 
perature and/or concentration. The frequencies of Y and E are 
identical. The frequency of X is the same as that of D. but this 
may be coincidental as D is not firmly characterized by the 
spectra. 
Solutions of alkali metal salts Qf nitrates, nitrites, thiocy-
anates, azides, and perchlorates also give unexpectedly complex 
Raman bands which change form with changes of concentra-
tion, temperature, and counterion. Bands of these anions have 
been resolved into components as follows. (Na and Li') 
NO3: ri,2 components; v, 3; P4,2. K1 NO3: .,. 1; P3, 2; re, 
I. NaNO2 :,,, 3; p, 4. K'NO2: v j, 2; ,, 2. Na'N3: .i 
3; 2r, 3. K'N3: Pi. 3 2P2, 2. (Na and Li 4 )SCN: a., 3; ., 
3. (K' and Cs')SCN: r, 2; a.,, 2. (Na' and K')Cl04:r 1 . 
l;a., 1;a.4, 1.6 
It is possible to present a satisfactory individual anion-spa. 
cific explanation for many multicomponent bands. Thus, 
linkage isomerism of contact ion-pair species is possible for 
NO2_ 5 NCS,' and CN- .9 Alternatively, solvent-anion in-
teraction through hydrogen bonding is possible, and has indeed 
been proposed for the NCS ion in liquid ammonia.'° A sim-
ilar mechanism has been suggested to aunt for the r3 .region 
of the NO3-  spectrum, where hydrogen bonding lifts the de-
generacy of the asymmetric N-O stretching vibration. 10 In 
ammonia the corresponding band is much less broad than in 
water, though we consider the band to be more complex than 
has been suggested.'° -" 
Contrary to these specific explanations are the trends, 
common to all anions studied, that (i) the component at lowest 
frequency increases in relative intensity as concentration and 
temperature are decreased; (ii) solutions withK' asa,unticn 
mostly give less complex spectra than solutions with Na' as 
counterion. While not excluding the possibility that some 
anion-specific effects are operative, we propose an explanation 
which is common to all anions studied. That is, that the re-
solved components of a complex band are directly attributable 
to discrete forms of contact, solvent-shared, solvent-separated 
ion-pairs and unpaired, solvated, "free" anions. 
In a solution as concentrated as those considered in these 
studies, and particularly where r < 20, a high degree of 
short-range ordering of ions and solvent molecules into 
quasi-lattice structures must be expected. Within such a 
framework it is highly probable that an anion may be found 
in a variety of locally structured groups.' The proportion of 
such ion-aggregates would be expected to be concentration, 
cation, and tcmperature dependent. 
Assignment of band-components to individual ion-paired 
species is not possible at the present time, since we cannot 
measure spectra from solutions sufficiently dilute to permit 
unambiguous assignment for the "free" anion. The lowest 
concentration that we have been able to study satisfactorily 
is r - 1011 (KCN solution) which is still far above the so- 
Journal of the American Ch,.nlcal Sodefy/ 9845 / JuJy 21. 
ceptable upper concentration limit for electrochemical studies 
of ion-pairing. It is also clear from such studies on liquid am-
monia systems' 3  that even at a concentration of r 106  the 
solute is still substantially in an ion-paired form. Thus we can 
confidently assign the lowest frequency component within each 
band only to the least associated anionic species. Nevertheless, 
the correlation of bands E. C, B. and A in the NaCN solution 
spectra with the "free" ion, solvent-separated, solvent-shared, 
and contact ion-paired species would be consistent with the 
presently available evidence. 
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The striking manner in which the anionic Raina, spectra obtained from solutions of alkali 
metal salts in liquid ammonia are dependent upon the associated cation is illustrated for some cyanides, 
thiocyanates, nitrates, andes and nitrites. The resolved components of the complex bands are 
related to forms of ion-pair co-existing in the solutions and some interim assignments have been 
made. The component due to "free" solvated anion has been assigned and confirmed unambigu-
ously with data from solutions in which the cation has been complexed by a eryptand ligand. 
We have proposed' that the Raman spectra of solutions of sodium cyanide in 
liquid ammonia show separate bands which may be identified with "free" solvated 
ions, contact, solvent-shared and solvent-separated ion-paired species in equilibrium. 
More bands than would be expected on consideration of the vibrations of the isolated 
anion are observed also with cyanates, thiocyanates, azides, nitrates and nitrites in 
liquid ammonia. We discuss here the way in which the spectra of these anions de-pend upon the counter-ion present, with the objective of making a positive attribution of the bands concerned to specific types of ion-pair. 
We have chosen the alkali metal cations to act as counter-ions because for these 
ions a model of solvation is available, at least in the first sphere. Thus a solvated lithium ion exists as [Li(NH3)4J' and the others probably as [M(NH3)6]+ though definitive evidence for the coordination number of the heavier alkali metal ions is not available. 
EXPERIMENTAL 
The preparative and spectroscopic methods used are presented elsewhere.' -4  Concen- tratioris are expressed as the molar ratio, R = rnumber of moles NH3J/[num,p of moles saltJ. 
Some representative spectra are shown in fig. 1-6. The bold bars indicate the position 
and relative intensity (band area) of the resolved components under the stated conditions. 
Since relative intensities vary with changes in solute concentration or solution temperatwe, 
we have aimed, as far as possible, to compare spectra for solutions, at 293 K, and R — 30 to 100, though solubilitjes do not always allow this. 
Bands were resolved'into constituent components with the Lorenz-Gauss shape.functio, 
I,, = h{(l — 1)1(1 + (2(v - Vo)/w)1 + fexp[—ln 2 x (2(v - v0)1w) 2J}, 
wheref= fraction of the Gaussian contribution, h = height, w = width at half-height and 
= position of a component. We have adopted the following criteria for the analysis. A 
component must either (a) be evident as an inflection or asymmetry on visual examination of individual spectra or, if not, (b) its position and intensity must vary in a consistent manner 
as the temperature and/or the solute concentration are changed. 
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Illustrative of the problem of curve fitting is the resolution of the sodium cyanide solution 
spectra (fig. I) for which a significant improvement of fit can be achieved by the inclusion 
of an additional low intensity band at —2060 cm' (<10% total band area). A small 
inflection which appears on the spectra of dilute solutions provides some direct evidence of 
this band. This and coherence to rule (b) above are the basis on which we identify, albeit 
tentatively, a feature whose presence is not clearly indicated by the observed spectrum. 
It is not always possible to resolve a spectrum unambiguously. For instance, the v(CN) 
band of SCN -  appears as a single, broad and almost symmetrical band when more com-
ponents were to be expected (fig. 2). To illustrate the difficulty of resolving dosely spaced 
bands we note the following. Two Lorenzian bands of unit height h and width w combine, 
when separated by 0.5 w, to give a symmetrical, almost Lorenzian band of height 1.8 h and 
width 1.2 w. Thus bands separated by less than —.0.5 w may prove impossible to resolve 
from the sum envelope. 
RESULTS AND DISCUSSION 
Indirect evidence 7 ' 8  for the existence of discrete contact, solvent-shared and solvent-
separated ion-paired species has been obtained using other spectroscopic methods. 
The relative concentration of each type of ion-pair is largely determined by the bulk 
dielectric constant of the solvent medium.' In liquid ammonia, with a medium range 
dielectric constant (e 15-25), various types of ion-pairs are likely to coexist.' 
We have successfully identified the band belonging to the so-called free solvated 
anion. We prefer to consider this component as a composite, itself derved from a 
number of unresolved bands due to variously solvated anionic species weakly associ-
ated with cations by long range forces. This "free" anion band can always be ob-
served at those high concentrations (R —'20 or 2 mol dm) where the ions must be 
arranged in a quasi-lattice structure. 
Identification of the "free" anion band was achieved by sequestration of the 
cation with a cryptand ligand. The alkali metals form highly stable inclusion cryptate 
complexes'° in which short-range ion-pairing is made impossible. Solutions of equi-
molecular mixtures of the cryptand, C222, and salt gave spectra containing only bands 
c 0 
C222 
due to the "free" anion, at frequencies which match within experimental error, 
those of the components previously" 3 so assigned (fig. 1-6). 
Crown ethers, which do not form total inclusion complexes with alkali metal 
cations, have also recently been used in spectroscopic ion-pairing studies; 11 we have 
investigated them briefly. 
The lower concentration limit at which spectra with an acceptable signal/noise 
ratio can be recorded is determined by band intensity and solvent background. The 
most intense bands we have observed are for v(CN) and v,(NO;) vibrations; these 
can be studied to R 2000. Previous electrochemical work indicated mean molal 
Ionic activity coefficients' 2 of y <0.1, which suggested ion-association constants' 3 
of A,, - 10 for 1: 1 salts in liquid ammonia at R = 2000. Activity data indicate 
that the degree of ion-pairing is still appreciable at R = 101 and does not become 
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minimal until R = 106. Simple Raman spectroscopy is impracticable at these low 
concentrations and it is important to seek new ways of extending this form of spectro-
scopy into the R = 10 to 105 region, for example, by using the Resonance Raman 
effect. 
CYANIDES 
All the components of the v(CN) band are polarised; concentration/temperature 
changes and addition of C222 confirm that the component observed at —p2056 cm - ' 










Fio. 1.—The v(CN) region of the Raman spectra of liquid ammonia solutions of alkali metal cyanides. 
The bold bars indicate the position and relative intensity of the resolved component bands at the 
temperatures and concentrations stated. (a)LiCN,R = 43; (b)NaCN,R = 46;(c)KCN,R = 297; 
(d) NaCN + C222, R 54; (e) KCN + C222, R = 92. The bottom two spectra illustrate the 
effect of the addition of cryptand to NaCN and KCN solutions. All spectra at 293 K. 
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The intensity of the v(CN) band permits study to R = 1200. Both LiCN and 
NaCN are extremely soluble in ammonia and spectra have been obtained at R <8, 
but the solubility of KCN limits its study to R> 150. RbCN and CsCN are less 
soluble and have not been investigated. 
Fig. I illustrates the striking effect of change of cation on the spectra. The rela-
tive intensities of the three well-resolved bands at 2082, 2072 and 2056 cm in the 
LiCN spectrum change as follows with concentration changes. At R > 200 the band 
at 2082 cm has disappeared and that at 2072 cm' has decreased slightly in relative 
intensity. The NaCN solutions provide the most complex spectra of the series. As 
concentration or temperature is reduced, the bands at 2080 and 2073 cm disappear, 
the relative intensity of the 2064 cm band decreases and the 2056 cm band be-
comes the dominant feature in the spectrum. 1 An additional band may be present 
at -2060 cm, as discussed above. 
KCN solutions provide the simplest spectra, with two closely-separated concentra-
tion/temperature sensitive bands at -'2060 and 2056 cm'. We cannot be certain 
that further bands would not be found if higher solution concentrations could be 
attained. 
On changing cation from Li' to Na' and K4 the components bunch up along the 
frequency axis, and the relative intensity of the "free" ion band at 2056 cm de-
creases sharply (extrapolation to R = 50 for KCN solutions gives an even smaller 
relative intensity than that illustrated in fig. 1). 
Two explanations of the observed spectra can be presented. First, the different 
bands may be attributed to different coexistent ion-paired species. Thus the bands 
at 2072 (LiCN), 2064 (NaCN) and 2060 (KCN) cm' might be assigned to solvent-
separated forms; the bands at 2082 (LiCN) and 2073 (NaCN) cm to solvent-
shared ion-pairs; and the band at 2080 (NaCN) cm' to a contact ion-pair. The 
absence of a band attributable to a contact ion-pair and the minimal concentration 
but greater temperature effect observed on the spectra of LICN solutions are con-
sistent with the fact that the Li(am)' ion has a much greater solvation enthalpy than 
Na(am)' or K(am)'. 14 Such attributions would also be in accord with an expected 
order of Li > Na > K' on the perturbation of the C-N stretching vibration in 
the different associates. 
Alternatively, the bands at 2072 (LiCN), 2064 (NaCN) and 2060 (KCN) cm 
may be assigned to a contact ion-pair. The bands at 2082 (LICN), 2080 and 2073 
(NaCN) cm may then be assigned to cyanó'bridged polymeric species, and possible 
M-NC linkage isomers. 
THIOCYANATES 
The v(CN) region (fig. 2) appears as an almost symmetrical band with little con-
centration variability. Since the v(CS) region contains three bands, logic clearly dic-
tates that there must also be at least three components in the v(CN) region. There-
fore, the three components must be broad and close together. 
The v(CS) region is very informative. The middle band, which occurs at —736 
cm (w -'6.0 cm -1) for all four salts is attributable to the "free" solvated NCS 
ion. This is confirmed by the use of cryptand. 
Coordination-shifts to lower frequency in the v(CS) region are indicative of M + 
SCN bonding,' 5 and we assign the band at —729 cm' to M' ... SCN contact 
ion-pairs. The frequency differences between the v(CS) for the "free" ion and for 
the S-bonded complex decrease very slightly from JJ through Cs. One of the 
bands of the two-band v(CS) region of AgSCN solutions' spectra at —736 cm' is also 
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2070 	2060 	2050 	760 	740 	720 
wovenumbers /cni 1 
Ftc. 2.—The v(CN) and v(CS) regions of the Raman spectraof liquid ammonia solutions of alkali 
metal thiocyanates. The bold bars indicate the position and relative intensity of the resolved com- 
ponent bands at the temperatures and concentrations stated. (a) LiNCS, R 38; (b) Na}CS, 
R'=44; (c)KNCS,R=92; (d)CsNCS,R44; ( e) NaNCS + C222, R — 77. Allspectraat 
293 K. Spectra (e) illustrate the effect of addition of ciyptand to NaNCS solution. 
attributable to "free" NCS ion, while the other at —729 cm' is attributable to a 
contact ion-pair. 3 
The high frequency component is markedly cation dependent; 765 (LiNcS), 
746 (NaNCS), 740 (KNCS) and 738 cm 1 (CsNCS) and as with the cyanides, this 
band is both the nearest and relatively most intense band compared to the free anion 
band with the heaviest alkali metal cation. Shifts to higher frequencies occur with 
M . . NCS bonding,' 3 and it is, therefore, reasonable to attribute the high fre-
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NITRATES 
We have examined the v1 , v3 and v4 regions of many nitrate salt solutions. We 
confirm a weak band in the normally Raman forbidden v2  region at —'830 cm - ' in the spectra of concentrated TIN03 solutions,' 6  but this band has not yet been observed in the spectra of any other 1:1 or 2:1 nitrate solutions (Li, Na, K, Be, Mg, Ca, Sr, Ba, Pb, Ag, Zn, Cd, Hg). 2 
1050 	1045 	1040 
lu4to 	1040 	750 	710 	670 
WovenIjmb€rs/c,' 
Ftc. 3.—The v, and p4 regions of the Raman spectra of liquid ammonia solutions of alkali metal 
and silver(,) nitrates. The bold bars indicate the position and relative intensity of resolved component 
bands at the temperatures and concentrations stated. The effect on the spectra of NaNO
3  solutions of the addition of cryptand is also illustrated. (a) LiNO,, R = 45, at 293 K; (b) NaNO 3 , R = 42 9 at 233 K; (C)KNO,,R = 64,at 293 K; (d)NaNO, + c222,R = 70,at293K; (e)AgNo3,R = 30, at 293 K. 
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Analysis of the broad v3 band (1200-1550 cm - ') is difficult. 6 The solvent back-
ground in this region is curved, which makes the study of dilute solutions virtually im-
possible. Our spectra generally indicate at least 3 constituent components, in con-
trast with earlier reports which have claimed only two. 17-1' 
Analyses of the polarised v1 and the depolarised v4 regions give 2 components for 
LiNO3 and NaNO3 and 1 component for KNO3 solutions. [1(v1) = 1001(v4)]. 
The bands at —1043 and 709 cm are assigned to the "free " solvated NO ion. 
Reduction of the relative intensity of the bands at —'1047 (LiNO 3) and 1046 cm' 
(NaNO3) and 720 cm' (both LiNO3 and NaNO3) to zero at .R = 100 SUggests their 
assignment to contact ion-pairs. This is in line with parallel studies on aqueous 
solutions, where contact ion-pairing has always been proposed to account for complex 
spectra,20 though the v, band of the contact ion-pair was not identified. The v4 band 
appears at 720 cm' in both Li and Na' salts, and its relative intensity decreases from 
Li to Na. KNO3 is only moderately soluble. 
AZIDES 
Fig. 4 shows the v, and 2v2 regions at —1320 and 1250 cm [1(v1) = 50 I(2v2)1 
Overlap between these bands is relatively small but the possibility of Fermi resonant 
interaction means that caution is necessary in analysis. The bands at 1320 and 1246 
cm' are due to the "free" solvated N; ion. 
As with cyanides and thiocyanates, in the v,(N;) region the K cation causes a 








1340 	1320 	1300 1270 	1250 	1230 
way enurnbers/cn' 
Fzo. 4.—The v, and 2v 2  regions of the Raman spectra of NaN3 and KN 3 in liquid ammonia solutions. 
The bold bars indicate the position and relative intensity of resolved component bands at the tempera. 
tures and concentrations stated. The effect on the spectra of NaN, solutions of the addition of 
cryptand is also illustrated. (a) NaN 3 , R = 33; (b) KN,, R = 91; (c) NaN, + C222, R = 42. 
All spectra at 293 K. 
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smaller displacement than the Nal ion of the component bands; 1338 (NaN 3) and 
1330 cm - ' (KN,), and 1328 (NaN3) and 1323 cm - ' (KN 3). 
NITRITES 
The low intensity v3 band at —'1235 cm' lies in the tail of the v, band (fIg. 5). This 
together with the position of the v3  band creates an analytical problem, as for the v3 
(NO;) band. It is, however, established that the 1306 cm' cOmponent is due to the 
v, vibrations of "free" solvated NO; anion. As with all other spectra attempts at 
resolution show that less complex spectra occur with the K salt. 







13UV 	 1200 	 86 	800 	785 
wovenumbe,'s /cni' 
Flo. 5.—Thc v1, v, and v 2  regions of the Raman spectra of liquid ammonia solutions of NaNO 3 and KNO,. The bold bars indicate the position and relative intensity of resolved component bands 
at the temperatwes and concentrations stated. The effect on the spectra of NaNO, solutions of the addition of czyptand is also illustrated. (a) NaNO,, .R 45, at 293 K; (b) KNO2, R 36, at 
233 K; (c) NaNO2 + (222, R = 92, at 293 K. 
The effect of change of cation on the shape of the v2  band is most striking. The 
band at 795 cm' is ascribed to the "free" NO; ion for both salts. As with the 
NaCN spectrum some doubt exists about the precise number of bands in the v, region 
of NaNO, but the minimum is clearly four. 
As with the other salts, attribution of the bands to contact, solvent-shared and 
separated ion-pairs is possible. Alternatively, linkage isomers may account for some 
of the complexity of the observed spectra. For example, 
N 	 0 
forms are well-establ i shed in transition metal complexes.2' 
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CYANATE 
The solubilities of cyanates severely limit study. The only spectrum so far obtained 
is for the salt NaOCN, at R = 490. C222 greatly enhances its solubility and the spec-
trum of a cryptate solution at R = 68 is illustrated in fig. 6. The v(CN) region of 
	







2175 	20 	2125 
wcivenumbers/cm 
Fz. 6.—The v(CN) region of the Raman spectrum of a liquid ammonia solution of (a) NaOCN and 
the effect of addition of (b) cryptand. (a) NaOCN, A = 490, (b) NaOCN + C222; A = 68. 
Both spectra at 293 K. 
NaOCN is more complex than expected, and the v(CN) frequency attributable to the 
"free" OCN ion is —2I46 cm'. 
GENERAL DISCUSSION 
In all cases but one the bands assigned to the" free "ion are at the lowest frequency 
of the group, the exception bcing the v(C-S) region for thiocyanates. Thus the 
ion-pairing generally causes a vibration frequency to rise from the "free" ion value. 
The frequency difference between the latter and the first ion-pair band (the intense one 
nearest. the "free" ion band) increases in the order K I <Na' <U'. In all cases 
except the nitrate ion, the relative intensity of the first ion-pair band increases in the - 
order Li <Na <K, with respect to the "free" ion band. 
If we postulate that the first band is due to a contact ion pair, then the following 
equation applies: 
[M(NH3)] + L 	[M(NH3),L] ± (x - y)NH 3 . 
It is known" that the cation solvation enthalpy decreases in the order Li > Na > K, 
and it can be assumed, on electrostatic grounds, that the ligation enthalpy also de-
creases in this order. Therefore, if the K' ion forms the most stable ion-pairs, as is 
implied by the intensity trend, we might suppose that this is mainly because its co-
ordinated ammonia ligands are more easily replaced. However, because of its larger 
radius, the perturbing power of K' for the anion vibrations is least. Thus, the argu-
ment for assigning the first ion-pair band to a contact ion-paired species is a con- 
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sistent one. It is also to be preferred in view of the precedents for the nitrate ion in 
aqueoUs solution. 2° 
If we postulate that the first band is due to a solvent-shared ion pair, it is difficult 
to explain the apparent increase in stability from Li to K. However, some evi-
dence for solvent-shared ion-pairs may be present in the spectra of sodium salts. 
The bands at 2064 cm' in NaCN and —800 cm' in NaNO 2 are suitable candidates, 
of appropriate frequency and intensity relative to the first band, assuming that derives 
from a contact ion-pair. Some evidence is also present in the spectra of LiNO 3 and 
NaNO3. In the v4 region, with increasing concentration the" first "band disappears, 
and the "free" ion band then decreases in half-width. 
If the first band in the spectra of L1CN and NaCN is due to the contact ion-pair, 
the second band may be attributed to a dimeric species with bridging cyanide. It is 
well known that the frequency of bridging cyanide is higher than that of terminal 
cyanide.21 - 23  
Our interim assignment of the spectra is thus as follows. In each case the" first" 
band is due to the contact ion-pair. Complicating factors are the presence of linkage 
isomerism in the thiocyanates, and probably the nitrites and cyanides, and polymerisa-
tion in the cyamdes. 
We thank Prof. Alex. I. Popov, of Michigan State University, for the generous gift 
of 0.5 g of the cryptand C222, and Mervyn Griffin, Graham Earl and Neil Towning 
for experimental assistance. 
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Spectrochamistry of Solutions. Part 7,1 Raman Studies of the Effects 
of Catlonic Complexing Agents on Ion Association in Liquid-ammonia 
Solutions of Alkali-metal Salts 
By Peter Gans. J. Bernard GIIV and J. N.H Townlng, Department of Inorganic and Structural Chemistry, The Un',vertity, Leeds LS2 9JT 
The Raman spectra of sodium and potassium salts of (NO,)-, [NO,)-, [NCO)-, [NCS]-. [N,)-, and [CNJ- in 
liquid ammonia in the presence of an equimolar amount of the cryptand C222 show a set of single bands characteris-
tic of the free solvated anion. The presence of the ether benzo-1 5-crown-5 had comparatively little effect on the 
spectra of sodium and potassium cyanides. which displayed bands characteristic of ion-associated species. The 
effects of cation-complexing agents on ion association in liquid-ammonia solutions are briefly discussed. 
RECENT Raroan-spectroscopic studies of 1: I electrolytes 
have provided direct evidence that a variety of species co-
exist in equilibrium in liquid-ammonia solutions. 1" The 
assignment of bands to individual species was attempted 
on the basis of changes in relative band intensity as the 
temperature or salt concentration changed. In most 
spectra one band was characterized as due to the 'free' 
anion, and the othera as due to ion-associated Species 
whose nature was unknown. 
By sequestering the cation with a large organic ligand, 
we expected that the solution equilibria would be drasti-
cally altered, and hoped to obtain confirmation of the 
assignment of the free-anion bands. The ligands used 
in these experiments were benzo-15-crown-5 and the 
cryptand C222. Cyclic polyethers have been used pre-
viouslvL4 to characterize ion-paired species using this 
(cj 
Benzo-15-crown-5 	 C222 
principle. The cavity size of the present ligands is most 
favourable for the Na cation. 
EXPERIMENTAL AND RESULTS 
The cryptand was used as received. The a -own ether' 
was recrystallized three times from light petroleum, and its 
purity was checked by t.l.c. AU the salts were recrystallized 
from liquid ammonia before use, using methods similar to 
those previously described.' Solutions containing cryptand 
were prepared on a semimicro-scale and sealed in thin-
walled Pyrex tubing (internal diameter, 2 mm). Ammonia 
was frozen on to an equimolar mixture of salt and cryptand 
at ca. 77 IC to stop the formation of gas pockets which might 
transfer the solid along the tube. Solutions containing the 
crown ether were prepared as before.' Concentrations 
were determined on a w/w basis and are expressed as R = 
(number of moles of solvent)/(number of moles of solute). 
Part 6, P. Gans, Pure App!. CAem., 1977. 49. 99. 
P. Gaas, J. B. Gill. and M. Gnffin.J. Amer. Ch.em. Soc., 1976. 
98. 4661. 
' M. M. A. Lnupy and J. ('mast. Compi. rwd.. 1974. C279. 713. 
Crypksrsd Mixturss.—The Raman spectra of the anions 
showed fewer bands in the presence of cryptand than had 
been observed previously in the absence of cation-complex-
ing agent. In some cases a band narrowing was also ob-
served. 
The spectrum of potassium cyanide [Figure 1(a)] clearly 
exhibits two components. The spectrum of the K(CN)-
C222 mixture [Figure 1(d)) contains only a single band at 
2070 	 2050 
1! cm' 
Fzua 1 Rarnan spectra between 2 030 and 2 080 cm' of liquid-ammonia solutions, at 298 K. of (a) K(CN) (R 183), 
(8) K(CN] (R 140) + one equivalent of the crown ether, (c) K(CN) (R 188) + two equivalents of the crown ether, and (d) 1C[CN] (R 92) + one equivalent of the cryptand 
Ca. 2 057 cm". The Na[CN]-C222 mixture also showed a 
single band at ca. 2 056 cm', whereas in the absence of 
cryptand at least three other bands were also reported.' 
The spectrum of the Na[NCO]-C222 mixture showed a 
single v(CN) band at Ca. 2148 cm'. The spectrum of 
sodium cyanate alone in liquid ammonia has an additional 
band at ca. 2 158 cm'. The spectrum of sodium nitrite 
showed at least four bands in the v region. - including one 
U. Takashi, T. E. H. Esch, and J. Smid,  J. Amer. Chess. Soc., 1971, 93, 6760. 
'C. J.  Pedersen,  J. Amer. Ches,. Soc., 1967, 89. 7017. 




at Ca. 795 cm'. In the presence of the cryptand only the 
latter remained. 
Both the v1 and 2v1  band8 of sodium azide showed reduced 
complexity in the presence of the cryptand, with bands com-
mon to the two spectra at ca. 1 321 and 1 246 cnc'. With 
sodium nitrate the cryptand caused a band at ca.. 720 cin 
to disappear, and the band at Ca. 710 cm 1  to decrease by Ca. 
40% in half-width. A similar decrease occurs in the spec-
tra of Na(N0 5] alone, at low concentration or temperature.' 
It was not possible to examine the v1 nitrate band because 
of interference from cryptand bands. 
There is also some interference from the ligand's vibrations 
in the spectra of its mixtures with potassium thiocyanate 
(Figure 2(b)). The v(CS) band at Ca. 736 cnf1 is partly over-
lapped by a cryptand band at Ca. 750 cm 1, and another weak 
feature at Ca. 730 cm' may also be due to the ligand. In 
the v(CN) region the alkali-metal thiocyanates give broad, 
slightly asymmetric, bands whose structure does not conel-
ate well with the structure of the v(CS) bands, and presum-
ably consists of a number of unresolved peaks. In the thio-
cyanate-cryptand mixtures the v(CN) region is similar to 
Icm 
Fzuunx 2 Raman spectra in the 710-760 and 2 030-2 080 cm 1 
regions of liquid-ammonia solutions, at 298 K, of (a) K(NCSJ 
(R 91), (b) K[NCS) (R 79) + one equivalent of the cryptand, 
(c) Na[NCS] (R 86), and (d) Na[NCSJ (R 80) + one equivalent 
of the cryptand. The broken section of curve (b) corresponds 
to a ligand vibration 
that of the thiocyanates, with an additional feature consist-
ing of a long tail on the low-frequency side. 
The spectrum of K[NCS]-C222 contained a strong, polar-
ized. Raman shift at Ca. 264 cm-i which is probably attribut-
able to a metal-in-cage vibration. Most sodium salt-C222 
mixtures had a weak Raman shift at Ca. 275 crn' which may 
be similarly assigned. 
Crown-ether Mixtures.—Most of the solutions containing 
salt-crown ether mixtures fluoresced strongly. The fluores-
cence was reduced slightly when using 514.5-nm excitation, 
although sodium perchiorate quenched the fluorescence com-
pletely, even when using 488.0-nm excitation. The spectra 
of the mixtures of crown ether and sodium nitrate, cyanide, 
or perchlorate showed minimal differences from those of the 
salt solutions without crown ether, but the fluorescence made 
the aquisition of good spectra difficult. The spectrum of a 
1: I K(CN)-crown ether mixture did, however, show an 
P. Cans, J. B. Gill. and M. Griffin, unpublished work. 
M. R. Tniter. Sirv.cture and Beading, 1973, 16, 71. 
increase in the relative intensity of the band at ca. 2 056 cm-i. 
as illustrated in Figure 1(b). The spectrum of a 1: 2 
K(CN)-crown ether mixture showed an even greater en-
chancement of this band [Figure 1(c)]. 
DISCUSSION 
We have postulated that the unexpected complexity 
of the Raman spectra of 1: 1 electrolytes in liquid-
ammonia solution is due to the co-existence of various 
forms of ion pair, and the so-called free ion. In the six 
systems studied here the spectroscopic effect of added 
cryptand ligand was to reduce to zero the intensity of 
all the anion bands except one. We can therefore assign 
that band to the' free 'anion. The cryptand C222 is seen 
to be a good sequestering agent for the sodium and potas-
sium ions in liquid ammonia. By replacing the ammonia 
molecules in the first co-ordination sphere, the cryptand 
causes the van der Waals radius of the cation to increase 
and the predominantly electrostatic cation-anion inter-
actions are effectively reduced to zero. While there is 
probably still some association between the CM(crypt-
and)] 4  cation and anion, the perturbation of the anion's 
vibrations by the cation electrostatic field must be too 
small to be measureable. As regards contact ion-pair 
formation, the cryptand renders this impossible. Some 
confirmation of the cation's co-ordination is given by the 
possible observation of a metal-in-cage vibration. 
The assignment of the' free '-ion band is in agreement 
with the trend observed in the salt solutions in which the 
band increases in intensity relative to the other bands 
with decreasing salt concentration or temperature. 
Thus, these experiments lend support to our hypothesis 
concerning the existence of ion association in solutions of 
1: 1 electrolytes, and in particular demonstrate that the 
free' anions are characterized by a single band at fixed 
frequency in all the solutions and mixtures. The nature 
of the ion association is still uncertain, because the crypt-
and will probably destroy contact and solvent-shared 
ion pairs equally effectively. 
The effects of added crown ether were studied less 
thoroughly because of the limitations imposed by the 
ligand's fluorescence, and because the crown ether did 
not bring about spectacular changes in the spectra. It 
is clear that the equilibria amongst the free ions and ion-
paired species are only slightly modified by the presence 
of the crown ether. It may be that the ligand adopts a 
coronal configuration around the cation, 5 and that ion 
association still takes place above and below the cation 
in its planar ligand environment. In this case different 
ion-paired species would be formed and we would have 
expected this to be reflected in spectral differences. It 
would be an amazing coincidence if the acceptor nature 
of the [M(NH,),J and (M(crown ether)p cations was 
very similar. 
A more likely explanation is thatthe crown ether does 
not form strong complexes with Na and K in liquid 
ammonia. Thus, addition of extra ligand to the K(CN)-
crown ether mixture caused the 'free' cyanide-ion con-
centration to increase, as the equilibrium was displaced 
J.C.S. Dalton 
in favour of the [K(crown ether)J complex. The weak- pairing is now well established • 10. 11 we are not aware of 
ness of the crown ether-cation complexes in liquid am- any previous work of this sort with a cryptand ligand. 
monia relative to other solvents must be attributed 
both to differences in the medium and to differences 	We thank Professor A. I. Popov for a generous gift of 
in the donor power of the solvent as a ligand.' 	500 mg of the cryptand. with which all these experiments 
Although the utility of crown ethers for studies of ion were performed. 
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SOLUTE-SOLUTE INTERACTIONS IN LIQUID AMMONIA SOLUTIONS 
A VIBRATIONAL SPECTROSCOPIC VIEW 
J. Bernard Gill 
Department of Inorganic and Structural Chemistry, 
The University, Leeds LS2 9JT, England 
Abstract - Multicomponent bands are observed in the Raman spectra 
of solutions in liquid ammonia of salts of all multiatomic anions 
except Cl0 and BF. The positions and the variations of relative 
intensities of these component bands with changing cation, 
concentration, and temperature indicate that a range of discrete 
ion paired species coexist in equilibria. 
Bands due to the "free" solvated anion have been unambiguously 
assigned in all vibrational regions for 	NCS, NOj; NO, 'NcO 
and N; in a given 'régioñ these are usually found at the lowest 
vibration frequency. The frequency depéndende of its'band on the 
counter cation identifies the prethence of 'a discrete 1:1'contact ion páirsin alkali metal, alkaline earth and Al'' sAlt solutions. 
The intensity variAtion of bands associated with contact'l:on pairs 
with changing concentration and temperature indicates' equilibria 
between linkage isomers of these "inner-sphere" associates. found 
in cN and NOI solutions. The extent of 'contact. ion-pairing is 
greatest'with the largest cations and decreases markedly with 
decreasing ionic 'radius: Cs' > 	> 	> Na+ > .Li 4 , and 'BA" 
Sr 	> Ca 2 ' > Mg 2 '.  
The Intensities of bands due to Inner-sphere association are very 
low for solutions of LI' salts, some alkaline earth metal salts, 
and Be(cN) 2 and Al(cN),. Their spectra indicate the formation of. 
a stable solvatlon shell around these small highly polarising 
cations, almost to the exclusion of the ligand anion. Bands, 
close in frequency to that of the free solvated anion, are a mani-
'festation of the solvent-shared (outer-sphere) ion pairs which can 
be seen to exist in these solutions. 
Higher ion-aggregates, sometimes triplets M+X_M+, sometimes dimers 
of ion pairs (M'X) 2 , or even larger species can be identified in 
the Raman spectra of some solutions (usually the Na+ salts) by 
bands of higher frequency. 
The methods used to investigate the nature of the species present, and their 
structures, in electrolyte solutions can be 'broadly categorised into three 
main areas; thermodynamic measurements on bulk solutions, various forms of 
spectroscopy of the solutions, and theoretical calculations based upon electro-
statics and molecular dynamics. 
Electrochemical methods such as ion conductance, ion activity determinations 
etc. have now been carried out for the greater part of a century. Although 
these methods give an excellent picture of the bulk behaviour of an electrolyte 
solution they usually fail completely with regard to the question of how the 
solute electrolyte is structured within the solution. To advance at all in 
this area using bu]:k thermodynamic methods it is necessary to fit the observed 
data to a specific model based on theoretical calculations on electrostatics 
and/or molecular dynamics. Up to date such advances have been somewhat 
limited. 
Some of our previous studies concerning the measurement of bulk properties of 
solutions have been aimed at determining the degree of non-ideality of electro-
lyte solutions in liquid ammonia at varying concentrations. Naturally it is 
interesting.to compare this with the degree of non-ideality found in aqueous 
1365 
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solutions (1). It is seen from Fig. 1 how similar conductance/concentration 
behaviour occurs for 1:1 salts in liquid ammonia and 2:2 salts in water. 
suggesting that the electrostatic situation in the two systems could be 
substantially identical. 
When we consider the mean ion activity coefficients y,, for ions in liquid 
ammonia (Fig. 2) we see they are unexpectedly low, muEh lower than those 
obtained for 2:2 salts in water (2), and much lower than can be accounted for 
by any sensible extension of the Debye-Huckel approach. However, if it is 
asumed that the lowering of y + beyond that predicted by the extended Debye-
Huckel law is due to the presence of ion-paired species an ion-pairing 
constant, K 1 	500 kg mo1 1 , is obtained for anunonium nitrate and iodide 
solutions (3g. An even better fit of the calculated data with the observed 
results is obtained if a small constant KT is included to represent the forma-
tion of ion triplets. Some confidence in the result obtained by this procedure 
is provided from the fact that the values of K obtained from conductance 
measurements on 1:1 salts in liquid ammonia (4,%) are of the same order of 
magnitude, as that for aqueous MgSO 4 sOlutions (6). 
Two problems are paramount in the approach from bulk measurements. Firstly, 
no adequate theory is currently available by ihich these proérties'can be 
correlated with specific species existing 'in electrolyte solutions. This is 
particularly true of non-aqueous solutions not only in the moderately concen-
trated solutions (> 10 molal) but also in the very dilute solutions which 
have been studied (10-10 molal). Secondly, established theory has, 
broadly 'thpeaking,' been found to be grossly inadequate for most non-aqueou 
systems. All the so-called 'improvements and modifications to the, Debye-Huckej 
and Bjerrum approaches 'throighotit the past 50 years have done little to 
improve the real state of. understanding with regard to the structure of these 
soltitions.. A new, attack on,-the theoretical front on. both the middle concen-
tration range and those solvents with medium and low dielectric, constants is 
therefore long awaited 
To consider the 'ionic species wh.ch maybe present. in a salt solutiOn we 
believe that a good (but "Oversimplified) electrostatic picture can be obtained 
by consideration of the Bjerrum critical distances, q = zz...e 2 ./akT for ions in 
different solvents. For 1:1 salts in water at 298 K and ammonia at 233 K we 
obtain values of 350pm and 1900pm respectively. It is thus easy to see that, 
using the Bjerrum approach, any pair of oppositely charged ions closer than 
1900pm in ammonia must be considered as an ion-pair. On the other hand only 
s those ion' closer than 350pm are to be regarded as paired in water. This 
theory would lead us to the belief (perhaps somewhat erroneous) that the only 
species to be regarded as pairs in aqueous solutions are those in actual 
physical contact. For liquid ammonia, however, the large critical distance 
forces us to accept that a much larger range of species must be regarded as 
ion pairs; contact ion pair (or inner-sphere complex), solvent-shared ion pair 
(or outer-sphere complex) and solvent-separated ion pair (in which two or more 
solvent molecules are interposed between cation and anion). Also, with such a 
large sphere of interaction, the presence of discrete species formed by the 
electrostatic interaction between 3, 4 or more ions (aggregates) must be 
considered. 
The concept of ion triplets quadruplets and higher aggregates was Introduced 
to account for the minima in the conductance/concentration curves of salts 
dissolved in solvents of low dielectric constant (7). Ammonia with its 
medium range dielectric constant (25 at 203 K to 15 at 298 K) is .1 likely 
solvent in which many or all of these species might be observed (8,9). 
Clearly spectroscopy might assist In the observation of these species. In 
his plenary lecture (10) at IV.ICNAS, and in many other papers, Popov (10) 
provided an insight into the use of n.m.r. and i.r. techniques as a tool in 
this area. 
One of the problems which confronts the researcher in this field is that of 
selecting a suitable solute concentration. Solution concentrations suitable 
for n.m.r. and vibrational spectroscopic studies have always been too great 
to allow direct comparison of the results with those of electrochemistry. 
One valuable study relating both the conductances and the P.aman spectra of 
AgNO3 solutions was reported recently (11), and it is clear that major 
advances will be enhanced by the study, using different methods, of the same 
solutions under identical conditions. 





Fig. 1. 	Variation of conductance' of electrolytes 
in iiqui4 ammonia and,in.water. ' 
Jim 	4$J1 	 4J1 
Fig. 2. 	Variation ofmean ion activity coefficients 
for salts in liquid ammonia compared with those for 
KC1 in water. 	 - 
Vibrational spectroscopy, particularly in the form of Raman spectroscopy, is 
ideally suitable for the study of solutions in liquid ammonia. Like water the 
Raman spectrum of liquid NH3, shown in Fig. 3, contains wide "windows" between 
its bands. Unlike nearly all other non-aqueous solvents, with the exception 
of SOz, HCN and the hydrogen halides, the vibrations of simple multiatomic 
unicharged anions can be clearly viewed within these "windows" and usually can 
be conveniently analysed without serious interference from underlying solvent 
features. 
Throughout the past decade or so Irish and his co-workers (12,13) have 
carried out extensive studies of the Raman spectra of aqueous electrolyte 
solutions. Their spectra have, in general, indicated ion pairing in these 
solutions to be relatively free from complications. Our Rarnan studies on 
liquid ammonia solutions commenced about 8 years ago with a general survey of 
the solvation of cations. In an initial study we followed the trends in the 
v(M—N) symmetric stretching frequencies in the 150-500 cm -1 region to establish 
the solvation numbers for solvent molecules in the inner coordination spheres 
of cations (14). From this work it became apparent that all the NO -3 ion 
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Fig. 3. 	Raman spectrum of liquid ammonia. (1 = Intensity) 
stretching and bonding regions exhibited complex multicomponent structures as 
illustrated for a LiNO 3 solution in Fig. 4. The striking feature of all the 
spectra was that the band profiles were exceedingly sensitive to the counter 
cation, the concentration and the temperature. Accordingly a prograne was 
embarked upon which involved-the analysis of the Raman spectra of a wide 
range of solutions at various concentrations and temperatures. Among the, 
unicharged anions studied have been N, NO1, NOT, NCS, NCO, NT, ClOV and 
BFV in solutions with the alkali and alkaline earth metal cations. Other 
1049 I 	cnr 
722 7(0 cm 
1395 13711350 cm-1 
Fig. 4. The v1, v 3 and v, vibration regions of the Rarnan 
spectra of L1NO3 solutions in liquid NH,. R = 50. 
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cations used were: Al 34 , Zn 2 + , Cdz+ , Hg 2 '4 . Pb 2 Tl, Ag4 , NH and 
methyl-substituted ammonium. Ion pairing phenomena have been observed for all 
the anions studied except the tetrahedral ones, C10,and BF. 
Concurrently with our work two groups in France, under the separate leadership 
of Chabanel and Corset, have been investigating the vibrational spectra and 
the ion pairing behaviour of alkali cyanides, cyanates and thiocyanates in 
solvents such as DMF and DMSO. Solutions in liquid ammonia have already 
received some attention by the Raman spectroscopic method. Lagowski at aL. have 
reported on the spectra of alkali metal and ammonium nitrates and thiocyanates 
from two points of view; one with regard to the effect of the solute on the 
nature of the solvent spectrum (15,16), and the other an investigation of 
interionic (17) and cation-solvent interactions (17,18). Similarly Lundeen 
and Tobias (19) studied the multicomponent spectra of alkali metal and silver 
nitrite solutions, following an earlier study by Hester et al. (20) on the 
Raman spectra of solutions of LiNO3 and NIL.NO 3 in ammonia. More recently 
Straughan and his colleagues have reported an interesting Raman spectroscopic 
study of T1NO3 solutions in ammonia (21). In these solutions the Raman-
forbidden v2(N0) vibration at 830 cm' can be observed in solutions at 
R < 30 (Note a). Their proposal that this band results from a "sideways-on" 
interaction between the Tl cation and the iT-system of the NO anion might be 
consistent with the results of the 205 T1 n.m.r. work on the Tl ... NO3 pairing 
in liquid ammonia (22); it is possible that the Tl ion is coordin&ted by 3 
solvent molecules in this ion paired species. 
Whilst we are generally in agreement with the spectroscopic results of most of 
the ion pairing work for liquid ammonia solutions mentioned above we have had 
the distinct advantages of both better spectroscopic resolution and improved 
procedures. for computer-aided curve analysis. There is no doubt, however, 
that the advances made in our general understanding of ion pairing in liquid 
ammonia have chiefly emerged by virtue of the study of a very large number of 
salt solutions. overwide concentration ranges(from H = 1.5, when possible, to 
H = 4000) and over a wide temperature range (203 K to 355K), 
COMPUTER RESOLUTION 
Throughout the spectra. have mainly been analysed-into component bands by 
computer-aided resolution. The best fit is obtained of the band profile using 
underlying component bands with a Lorentz-Gauss sum function sha?e, 
= h{(1- f)/[1 + (2(v - v 0 )/w) 2 ] + f exp[-1n2 + (2(v - v,.)/w) JI, where 
f = fraction of Gaussian contribution, h = height, w = widtH at half-height, 
and v0 = position of a component (23,24). 
To avoid the unacceptable inclusion of "computer bands" in the analyses we 
have always adopted the following criteria. A component band must either 
(a) be evident as an inflection or asymmetry on the spectral profile, or, if 
not, (b) its position and intensity must vary in a consistent manner as the 
temperature and/or the solute concentration are/is changed. 
We have been aided considerably by the recent development (25,26) of a curve-
smoothing and differentiation technique based on the use of B-splines of 
degree from 3 to 7. The signal/noise deterioration obtained on differentiation 
of the experimental data is normally significantly less than that normally 
obtained by the widely-used Savitzky-Golay rrethod (27). Resolution enhancrent by 
the 2nd derivative technique has enabled the identification (together with the 
positions) of a number of the more elusive component bands in some of our 
spectra. It has been used almost exclusively to establish the species 
present in the complicated equilibrium system obtained by the complexation of 
Ag with CN ions in liquid ammonia which will be reported in the near 
future. 
DISCUSS ION 
In the space of a short lecture it is clearly impossible to give an account of 
the details of all the examples we have studied. When the spectra of (a) 
different anions, and (b) different cations with the same anion, are surveyed 
Note a: Solution concentrations are normally expressed as mole ratios, 
i.e. R = no. of moles of solvent/no, of moles of solute. 
P*flC 3:1 - C. 
e. 
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L;CN 
KCN AI(CN)3 	 E 
2090 	2070 	2050 	 2140 - 	2100 	2060. C& 
Fig 5 	The v(cN) region of the Rasian spectra of cyanide solutions in 
liquid ammonia at.298 K. •LICN (R=20), NaCN (H 	46), KCN (H 175);; 
Be(CN) 2 (H = 65), Al(CN) j (H 	50). 
specific trends can be observed. These trends in the relative intensities of 
underlying components and their positions appearto followcommonpatterns 
across the range of anions. Also some common trends are observed for setsof 
cations associated with a given anion. These- allow usto assess the relative 
extent of different forms of ion, pairing from one cation to another (28). The 
study of a vast number of systems and their spectra has provided a large 
amount of circumstantial evidence which collectively allows our conclusions to 
be presented with a high degree of confidence. Of course, there are also some 
features in the spectrawhich can only be regarded as dependent upon the 
specific behaviour of an Individual ion or pair of ions. For simplicity ) a 
few examples have been chosen from which some of the salient features which 
emerge from our work can be illustrated. 
The complexity observed in any series of Raman spectra of solutions which 
exhibit ion pairing is well illustrated in Fig. 5 which shows the v(cN) 
stretching frequency region for five different cyanide solutions. In cyanide 
solutions the solubility restricts the study of KN to H > 100 and prevents a 
serious concentration variation study of RbN and C5CN. However, most of the 
general trends in the component band patterns can be seen in the group of 
spectra of the simple cyanide ion in solution which, if isolated, can only 
consist of a single band at 	2050 cm . Some time ago we made a claim (29) 
that the multicomponnflt spectra observed in NaCN and KCN solutions were due to 
the presence of a number of discrete ion paired species which coexist in 
equilibrium. Whilst we now accept that there were some errors in our initial 
assignments of the bands to individual species types we still hold firmly to 
our main thesis that individual bands can be identified with "free" solvated 
anions, 1:1 contact ion pairs (or inner-sphere complexes), solvent-shared 
ion pairs (or outer-sphere complexes) and higher ion aggregates (which may be 
composed of triplets, quadruplets or even higher species). 
With the exception of a limited number, including all Li salt solutions, the 
relative intensities Of the component bands in a region vary markedly with 
changes in both solute concentration and temperature. This is evidenced in 
the spectra of NaCN and KCN solutions by the increase in relative intensity of 
band E (and the decrease in all others) when the salt concentration is 
decreased or the temperature is raised. Thus it is immediately attractive to 
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identify band E with the "free" (unpaired) solvated anion and the bands A, B, 
C and D with various forms of ion paired species. Additional support comes 
from the invariance in the position of band E Irrespective of cation, concen-
tration or temperature. Unambiguous confirmation of this assignment has been 
made (30) by sequestering the cation into an inclusion complex within the 
framework of a cryptand, C222, 
o 
o 
Solutions of [Na(C222)][CN] give spectra with a single sharp band E at 
2056 cm' . 
The free solvated anion bands for all the other anions have been similarly 
identified; it is apparent that when a cation is encapsulated within the 
cryptand its effective perturbing field upon the counter anion is enormously 
reduced, because of both the increase in overall cation size and also the 
increased cation-anion distance, to a level at which no ion-pairing is 
observable in the spectra. When fully (but not partially) alkyl-substituted 
ainmonium ions are used as the counter cations similar single band anionic 
spectra indicate the absence, or .a low degree of ion- pairing. Complexatin of 
the cation by crown ethers does not prevent ion pairing, it merely reduce it 
slightly because coordination sItes perpendicular to the crown ring remain 
open for occupation by the ligand anion. In nearly all spectra the band at 
the lowest frequency is associated with the free -solvated anion. However, 
changes in the band width with changing concentration and temperature suggest 
that this "free" anion band is best regarded as a composite band deriving from 
species in which the interactionenergies between anion and cation are very 
low and consequently whose frequencies differ only marginally from those of 
the truly "free" solvated anions. Such species must include the solvent-
separated ion pairs in which. anion and cation, although to a small extent are 
under the influence of each other's fields, are separated by several solvent 
molecules. Evidence of this comes from the observed variations in band widths 
of these free anion bands as the solute concentrations and solution tempera-
tures are varied. 
Contact ion pairs. At higher frequencies a series of bands is observed, all 
of which increase inrelative intensity with increasing concentration and 
temperature, and whose positions are extremely cation sensitive. These must 
all be attributed to ion paired species. The extent of ion pairing must 
increase with both increasing concentration, and also as a result of the 
substantial decrease in solvent dielectric constant which occurs with 
increasing temperature. For a given counter cation these bands remain at 
invariant positions regardless of the concentration and temperature. 
We believe that the bands B and C (Fig. 5) can be identified with 1:1 contact 
ion pairs. it is only to be expected that the frequency shift, Av, from the 
invariant position of the free anion band will be dependent upon both the 
size and the charge of the cation with which the anion is in contact. In all 
the systms studied the shift tv is seen to decrease in the expected order, 
Li > Na > 	> Rb > Cst We have also found that within a group of 
similarly charged cations a linear empirical relationship exists between Av 
and z +/r+ 2 , where r+  is the crystallographic radius of the cation. Fig. 6 
illustrates the plot for the frequency shift, AVA.B, between bands A and B in 
the v(CS) stretching region of the spectra of the alkali metal thiocyanates in 
ammonia solutions (shown in Fig. 7). We take the compliance of the frequency 
shift to this simple empirical rule, held throughout all our anionic spectra, 
to be an indicator of the bands which can be assigned to 1:1 contact ion pairs. 
Both the bands marked B and C in Fig. 5 are attributable to species of the 
same stoichiometry and both can therefore be assigned to 1:1 contact ion 
pairs. Addition of a common cation, e.g. LiClO to LICN solution, causes an 
equivalent increase in the relative intensities of both B and C. Similar but 
smaller effects are observed in the case of the NaCN system when NaC104 is 
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Fig. 6. 	Frequency shift,Av 	of the ion pair band A from 
the free anion band B for ththcanate solutions in liquid 





760 	740 	720ar' 
Fig. 7. 	The v(CS) region of the Raznan spectra of alkali metal 
thiocyanate solutions in liquid ammonia at 298 K. R 	50. 
added. The only feasible explanation of two bands, both attributable to a 1:1 
species, is the existence of an equilibrium between the two linkage isomers 
Lit. . CN and Li . . . NC. Hitherto linkage isomerism in solutions of simple 
ionic cyanides seems to have been virtually undiscovered but the intensity 
variation between bands B and C with concentration, and particularly with 
temperature provides excellent evidence of their equilibrium existence. 
The specific assignments of the bands due to these isomers poses a problem and 
is still not much more than an intuitive guess. It is not unreasonable, 
following the hard-soft concept, to decide that the more intense band C should 
be associated with the Mt . . NC form. Other evidence might be used in support 
W. 
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of this assignment. When bonded at its N-end to Si (31), and to B (32,33) the 
C-N group has a lower frequency than when bonded at its C-end. Further work 
subsequent to our preliminary report on the cyanide complexes of Ag(I) in 
liquid ammonia (34) is also consistent with this assignment. 
Isomerism between 1:1 contact ion pairs is not unique tocyanides. The V2 
bending region of the Raman spectra of the alkali nitrates all have a free 
anion band at 796 cm. Bands C, due to a contact ion pair, probably te 
M. - .NO2 isomer, appear at 810 cm (Li), 801. crn 1 (Na), 800 cm' (K ), 
799 cm 1 (Rb) and 798 cm 	(Cs 4 ). A third band B, seen in the NaNO2 solution 
spectrum at 807 cm 1 in Fig -. 8, must also be assigned to a contact ion pair; 
probably the 	.0N0 isomer. The fourth band A at 814 cm' which becomes an 
important feature of the spectrum at very high concentrations (R 4-5), could 
be due to the third possible isomer with the NOi entering the cation's inner-
sphere as a bidentate ligand. The appearance of a band of high relative 
intensity at this frequency on addition of NaC10 raises the question, 
however, as to whether this band indicates the presence of. ahigher aggregated 
species. It is an interesting point-to note that the Raman spectra of aqueous 
alkali metal nitrites have failed to provide evidence for ion-pairing in 
water (35). Not unexpectedly Spectroscopic evidence has indicated the equil-
ibrium existence in aqueous solutions of both bound and free forms of nitrite 
ion with the doubly charged cations (36,37).. 
In the alkali azide series the v 1 symmetric stretching region exhibits three 
bands; for NaN3 solutions, 1321, 1327 and 1338 cm'. The attribution of the 
middle of these to a contact ion pair.ie in accord with the analysis of the 
Raman spectra of NaN, solutions in DUSO carried out by Chabanel et al. (38). 
The high frequency band must-be assigned to a triplet or higher aggregate. 
	
t'bPL 2 	 - - 	-. NciM32 NcC4 - 
8M 	800 	 83 	800 cm 
Fig. 8. 	The v2 region of the Raman spectrum of NaNO2 
solution in liquid ammonia at 298 K. R - 40. 
[ClO;]/(NOfl - 5. 
Alkali thiocyanate solutions are worthy of some discussion. Unfortunately the 
v(CN) region yields little information because the bands are too closely 
spaced for analysis, though the addition of C222 results in the isolation of a 
very sharp free anion band at 2060 cm. The v(CS) region is much more 
informative because all the spectra (Fig. 7) contain three resolvable bands. 
Because band B can be unambiguously assigned to the free anion we initially 
thought that bands A and C should be assigned to the isomeric 1 1 contact ion 
pairs. The assignment of band A to a 1:1 contact ion pair is beyond question 
(Fig. 6) and because its frequency is higher than that of the free ScN ion 
frequency (28,39) we have assigned it to the M.. .NCS species. A lowering of 
the v(CS) frequency is associated with S-bonding to the metal in thiocyanate 
complexes and, at first, attribution of band C to the M+. . .SCN species seemed 
appropriate. Closer investigation of the spectra with added C222 revealed 
that band C is associated with the free NCS anion; its position is invariant 
and we must now refute our original suggestion made at VI. ICNAS (40) that 
bands B and C derive from differently solvated forms of the anion in 
equilibrium. The most acceptable explanation of the spectra is for band C to 
be attributed to a "hot" or upper stage band of the free anion. This is 
consistent with the interpretation presented by Chabanel and Rannou (41) to 
account for a similar low intensity feature on the low frequency side of the 
free anion band in the u(CN) region of the spectrum of the NCO Ion in alkali 
cyanates in DMSO. That the observed intensity ratio 18/1c  follows the 
theoretically predicted values for a set of temperatures provides convincing 
support for this interpretation. 
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The degree of formation of contact in pairs always increases in the perhaps 
unexpected order Li+ < Na+ < K < Rb < Cs . This is clearly seen in both the 
cyanide (Fig. 5) and the thiocyanate (Fig. 7) series by following the 
intensity ratio trends between the free ion and the contact ion pair bands. 
Stoichiometric contact ion pairing constants have been obtained (assuming 
similar band intensity coefficients and neglecting ion activity coefficients) 
for the thiocyanate series (40): CsNCS, 4.3, KNCS, 1.2; NaNCS, 0.4; and 
L1NCS, 0.1 kg mol 1 . It should be noted that these constants, Kip's for 
contact ion pairs, are more than two orders of magnitude lower than those 
obtained for overall ion pairing in uni-unicharged salts in ammonia from 
conductance and activity data. 
Lithium salts appear to behave somewhat differently from the others. Their 
ion-pairing ability is not only relatively low but, as illustrated by the 
cyanide, azide and nitrite ions, the bands associated with ion associates 
show little tendency to change their relative Intensities with changes in 
either concentration or temperature. Also for L1NO3 and LINCS, as seen in the 
v,,(NOj) bending and in the v(cS) stretching regions respectively, the degree 
of ion pairing is very low except at very high concentrations i.e. when R < S. 
The spectra clearly exhibit a competition between the solvent molecules and 
the anions for a site in the inner coordination sphere of the cation. Thus an 
equilibrium of the: following form must apply: 
[MNH3] + L -- 	[M(NH3)yL] + (x - y)NH3 
The high solvation energy ófLi'in ammonia Is clear from Its ability to frm 
the extremely Concentrated Divers' solutIs thith are normally associated with 
NE,, salts but also Occur wIthsomeNa,salts, The 1ow Ion-pairing ability of 
lithium salt solutions and the low, sensitivity of their spectra to concentra-tion and temperature finds its explanation in the ability of the small Li cation to form a highly energetically favourable Li(NH 3 ) solvated cation, 
almost to the exclusion of the ligand anion. The solvation enthalpies of the 
alkali metals in ammonia decrease in the order LI' > Na'> K+ > Rb' > Cs' (42), 
and on electrostatic reasoning, the ligation enthalpies are expected to 
follow the same order. On descent of the group the ability of the cations of 
increasing radius to form strongly covalent solvates must decrease at a 
greater rate than the ability of those same cations to form the more electro-
static ligation interactions. 
Solvent-shared ion pairs. The spectra illustrated In Fig. 5 for LIcN, 
Be(CN)2 and Al(cN)3 soIiitions contain a component band D very close to that of 
the free solvated anion band E. A band D in a similar position is also found 
in the spectra of NaGN solutions in the low to middle concentration range 
(R = 100-1000). There are two possible explanations. That of its assignment 
to an ion triplet of the form X. . .M4 .. .X is discounted on the grounds of the 
small frequency shift and also the band intensity/solution concentration' 
relationship. The band comes up to maximum Intensity in those Solutions in 
which the metal catlons (those cations which form the most thermodynamically 
stable primary solvation sheaths) are expected to be completely enclosed 
inside a layer, one molecule thick, of solvatlng ammonias. Accordingly we can 
identify this band with a solvent-shared ion-paired species. The spectra of 
LiNO 2  and LiN3 support this assignment because a band situated close to the 
free anion band, and on its high frequency side exhibits a very similar 
behaviour pattern to band D in the L1CN spectra. 
Perhaps the existence of solvent-shared species is best illustrated by the 
spectra of the Group II metal thiocyanate solutions (Fig. 9) where it appears 
as band B. In these spectra bands A, C and D can be interpreted, as in the 
alkali thiocyanate solutions, as deriving from a 1:1 contact Ion pair (A) and 
a free SCN anion (C and D). Descending the group band B demonstrates a small 
frequency shift ( 3 cm ) from being easily resolved for the small 119 2 ion to being virtually irresolvable for the large Ba 2 ion (when B has merged with 
Q. A smaller frequency shift would be expected for the 1:1 solvent-shared 
ion pair than for the 1:1 contact ion pair because the alteration of the 
cation's perturbing field must reduce the v(CS) frequency shift considerably. 
There is a feasible but less attractive assignment for band B - to a 2:1 
species, SCN. . .M 24 . . . NCS because here the perturbation of the v(CS) 
frequency would not be as great •as for the 1:1 contact ion pair. It is the 
band intensity trends, in particular 1 A/ 1 B which force us to conclude that 
band B corresponds to a solvent-shared species. In both the Mg and the Ca 
MW 
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Fig. 9. 	The v(CS) region of the Raznan spectra of 
alkaline earth metal thiocyanate solutions in liquid 
ammonia at 298 K.: Mg(NCS)2, R = 180. Ca(NCS)2, 
R = 360. Sr(NCS)z, R 	360. Ba(NCS)s, R = 30. 
cases the relative intensities of band A are low and invariant with concen-
tration (4% and 10% respectively). Mg(NCS)zsolutions cannot be studied at 
R < 40 for solubility reasons but on dilution up to R 1000 the ratio 
- 10. More concentrated solutions of Ca(NCS)z can be studied. In the 
range R = 15 to 700 it is invariant at about 10%. Band B does not appear until 
R 50, but has a maximum relative intensity (- 40%) between R = 100 to 250 
which falls to about 25% at R = 700.- This behaviour is far more consistent 
with the assignment to a solvent-separated ion pair than to a 2:1 triplet. 
In the early years of our work we were greatly puzzled by the failure of some 
nitrate solutions to exhibit ion-pairing phenomena in their vibrational 
spectra. The Raman spectra of AgNO3, Pb(NO3)2, Zn(NO)s, Cd(NO 3 )2 and 
Hg(NO3)2 solutions are all substantially symmetrical in their v j and v.. 
regions. This can now be best explained in terms of the thermodynamically 
very stable solvation shells formed by these cations in liquid ammonia. In 
all these cases the solvent -molecule is a better competitor for a place in 
the inner coordination sphere than the rival ligand anion. Thus if ion 
pairing is to occur at all it will be, at best, in the form of the solvent-
shared species. In the cases of Pb(NO3)2 and AgNO, this proposal can be 
supported by ion mobility studies (2,43). 
Ion aggregation. The spectra we have observed provide good evidence for the 
existence of discrete ion aggregates in liquid ammonia solutions. Usually the 
spectra of Na salt solutions are found to be the most complex. Perhaps this 
is because the N a+ cation occupies an intermediate position between the high 
charge density Li+ ion which readily forms solvent-shared Ion pairs and the 
larger and lower charge density cations which favour the formation of contact 
ion pairs. The spectra of Na143(VL), NaCN and NaNO 2 (v1 and v 2 ) solutions all 
show high frequency bands which must be assigned to ion aggregates. 
Ion aggregation has been much discussed by Chabanel (38.41,44,45.46) and 
Corset (47,48,49,50). Both these groups have separately worked on the 
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NCS, Br, ClOt, CF3COO and CN in DMF and dimethylthioformainjde, DMSO, 
acetonitrile and a number of organic solvents. Both groups tend towards the 
formation of ion triplets in the systems they have studied. 
In the spectra of liquid ammonia solutions of NaCN (Fig. 5) band A must be 
attributed to an aggregated species. The band increases in relative intensity 
on increase of temperature, concentration and on addition of common cation as 
NaClOh, but is absent from the spectraat 293 K at R > 100. Although attrac-
tive we believe the assignment of this band to the Na.. .cN. . .Na' triplet 
would be erroneous. Mass balances in the respective equilibrium steps demand 
that the addition of excess N a+ ion wouldcause a concentration increase in 
the species defined as either Na. . .cN . . .Na or (NacN- ) 2. The equilibrium 
positions change markedly wIth temperature.(Fjg. 10). Band A Is a main 
feature of the spectrum at 363 K and the free cyanide band E disappears 
completely. If mass - and electrical balances are to be maintained a feature 
due to either free CN, or the triplet ar...Na. . 	must appear in the 
spectrum if band A is due to the triplet Na . . . cN. . .Na4 . The evidence is 
thus in favour of the aggregte being ovrall uncharged, probably the dirner of 
the 1:1 contact ion pair, Na . .CN.. .Na- .. .CN. This proposal is consistent 
with the presence of an (AgcN) 2  species found in equilibrium with other 
cyanoargentates in solutions of silver(I) cyanide in anmionla (51). 
2090 	 2070 	2050 an 
Fig. 10. 	Temperature variation of the v(CN) region 
of the Rainan spectrum of a liquid ammonia solution of 
NaCN. H = 45. 
In the spectra of NaNO 2  solutions (Fig. 8) bands at 808(B), 800(C) and 795(D) 
cin' In the v2 region are assigned to Isomeric contact ion pairs (B and C) and 
the free NOI Ion (D). Band A can be extracted from the profile only as an 
extremely weak feature but it appears at substantial intensity on addition of 
NaC10 and also at very high concentration (30% relative intensity at H < 10). 
The presence of free NO in the solution is indicative of the formation of the 
ion triplets, Nat.. .0N0.. .Na , though on the evidence as it exists, the 
attribution of band A to a third contact ion air isomer involving bidentate 
complexation through the 0's of NOI to the Na cation cannot be ruled out. 
The v 1 symmetric stretching vibration of NaN 3 solutions contains 3 ands; 
1339(A), 1327(B) and 1320(D) cnf'. Bands B and D are due to the Na ...Nj 
contact ion pair and the free N3 anion respectively. Addition of NaCl0 
causes the relative intensity of band A to increase to a greater extent than 
that of band B. At elevated temperatures band A increases in intensity but D 
always remains in the spectrum. Like the assignment made by Chabanel et al. 
(38) for the N-3 bands in DMSO solutions we are inclined to ascribe band A to 
the ion triplet, Nat. .N. . .Na. 
Some attempts have been made - unfortunately with little success - to deter-
mine the stoichiometry of the aggregated species by the calculation of the 
equilibrium constants for the steps, 
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M' + 	 -. 
.and either 	MX + - 
or 	 + MX 
	- (M'X)2. 
Several factors contribute to the failure of this approach: the extremely non-
ideal behaviour of the solutions at high and medium concentrations and a lack 
of the data which relates this non-ideality to solution concentration; the 
degree- of accuracy obtainable in computer-assisted curve resolution; and 
assumptions concerning the relationships between the species present and their 
band intensity coefficients. 
Nitrate solutions 
At first sight the spectra of nitrate solutions would be expected to provide 
an excellent source of data for the study of the ion pairing phenomenon. 
Three vibrations v 1 , v 3 .and v 1, are all observed in the Raman spectra of the 
solutions. The v1 symmetric stretching region is extremely intense and sharp, 
- 2 cm 1 , so sharp that the slight asymmetries observed are impossible, or 
a best very difficult, to resolve. The v s asymmetric and the v,, bending 
regions have proved to be far more informative. - As mentioned above the 
Raman-forbidden out-of-plane vibration has only been observed in one case, 
that of concentrated T1NO3 solutions (21) where it indicates the unusual 
sideways-on interaction between the Tl+ cation and the v-orbital of the - 
NOT anion. 	 - 
Irish and his co-workers have studied aqueous nitrate solutions extensively by 
Raman spectroscopy and have propoèéd the e*istenceofa wide variety of ion 
paired associates including contact and solvent-shared ion pairs (52,53), ion 
triplets and "roll-on" complexes (54). A quasi lattice structure was 
proposed for LINO S solutions (55). 	. . 
In ammonia solutions of alkali nitrates only two bands in the v, region have 
been observed corresponding to the free solvated.NO ion and contact ion 
pairs; 708 cm 	(free NO), and 720 crn 1 (LiNO) and 717 cm1(Na+NO). The v,, 
region for the alkaline earthmeta.nitrate sólutionsis-thore complicated and 
some data for these solutions are listed in Table 1. Results for Mg(N0 1 ) 2 
solutions are not included among these because, whilst the salt is soluble at 
213 K (it is virtually insoluble at 298 K), the spectrum consists of a single 
sharp band at 708 cm'. 
Table 1. 	Relative % intensities of the component bands of the 
v, region of the Raman spectra of alkaline earth metal nitrate 
solutions in liquid ammonia. 
V % Relative intensity of bands 
Temperature/K at frequency/cm 
Ca(NO3)2 A(732) B(727) 	C(708) 
335 22 14 64 
R=52 273 9 21 	70 
253 - 6 94 
233 - - 	 100 
Sr(NO 3 )2 A(724) C(708) 
353 38 62 
273 29 71 
R40 253 11 89 
233 7 93 
213 - 100 
Ba(NO3)2 A(719) C(708) 
335 44 56 
R48 273 - 	 35 65 
233 17 .83 
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Bands A are due to the 1:1 contact ion pair M24 . . .NO 3 . This type of ion 
pairing, which increases in degree from Ca 2 to Ba2+, is greatly reduced by 
decrease of temperature and is not observed at all at 213 K. An easily 
resolved band B, of intermediate frequency is present in the spectra of 
Ca(NO3) 2  solutions at higher temperatures. Because this band appears with 
increasing concentration and temperature it could be assigned to a 1:1 
solvent-shared ion pair. 
The v 3  region has a very complex bandprofile in all spectra. Unfortunately 
it suffers from a serious resolution problem. It is a long spectral region 
(150-200 cm 1 ), relatively weak with respect to the v2 and'v 4 solvent ammonia bands at 	1050 cm 1  and - 1650 cm', and lies in a trough between these two 
solvent bands. Previous workers have commented upon the same base-line 
difficulties (17,19). We are forced, therefore, for the present time, to. 
compare only the underlying band positions listed in Table 2. . An attempt at 
correlation of component bands in the v3 and v,, regions is illustrated in 
Fig. 11. 	 . ... 
Table 2. 	Band positions in the V3 region of the Raman spectra 
of alkali and alkaline earth metal nitrates in liquid ammonia 
solutions. 	. 
Temperature/K Band 
L1NO3 293 1405. 	1371 .1355 • 	253 	. 1395 . 1370 1348 
NaNO3 293 .. 	1399 	. 137.4 1349 
233 	. 1392.. 	.1373 1355 
293 1382 1346 
KNO3 233 . 	1379 	 .. 1350 
203 1378 1352 
A 	B 	C D 
Mg(NO3)2 253 - - 1375 1345 
213 -. 	 - 	1370 1350 















353 1420 -. - 1332 
Sr(NO 3 )2 293 1422 1408 1374 1339 
213 - - 1365 1348 
353 1410 - - 1332 
Ba(NO,)2 293 1405 1373 1337 
253 - 1400 1370 1350 
Bands A and B of the V3 region are both cation dependent. This dependency 
shows band A as due to the contact ion pair, M 2 . . .NO 3 . The frequency shift 
of band B relative to band C (invariant in position and ass 4 gned to the free 
NO ion) does not follow the normal relationship found for other 1:1 contact 
ion pairs. Also the observed trend (qualitative) in band area versus solution 
concentration suggests a possible attribution to the 2:1 contact ion pair, 
NOT.. .M. . .NO3. However, the alternative assignment to a solvent-shared ion 
pair, following the assignments made in the v..(NO) region, is not 
unreasonable. The lowest frequency band D (shown dotted) shifts to some 
extent with both cation and temperature, it seems best explained in terms of 
sotvent splitting of the V3 vibration of the free NO anion as suggested also 
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Fig. 11. Correlation of component bands In the v 3 and v,, 
regions of the Raman spectra of nitrate solutions In liquid 
ammonia. ,,, 	 - 	 ...•' -. 	 -. 
by other workers (12,13,17,19). Symmetry considerations ought to demand a 
similar splitting-in the v, region. Whilst we have been unable to: resolve 
such, a. band in that- region the v, profiles suggest that there could 'be an 
underlying, feature of low intensity (shown dotted? at - 702 cif') of about 
6-8 cm 1 lower frequency, than the free NOT anion band. 
It is importanto note herethat the v4(NO) regions of the spectra of 
solutions of Zn2 , Cd 2 , Hg2 , Pb 2 ', Ag and Tl+ (those cations which demon-
strate little-tendency to form contact ion pairs) contain only two bands, C 
and D, around 1373 and 1345 cm -1 respectively. Both these bands appear to be 
cation independent thus supporting the assignments made above. 
In spite of the vast amount of data now available to us in respect of nitrate 
solutions, from three different regions of the NO spectrum, the question of 
assignment remains somewhat unsatisfactory. It is to be hoped that the cxnple-
mentary i.r. studies for which we are now equipped will help to resolve this 
problem. 
Ammoniuzn salts 
We have amassed a large amount of data on the Raxnan spectra of alTunonium salts 
in liquid ammonia. Just like the metal cation salts these exhibit complex 
spectra, often very similar to the spectra of the corresponding Na+ salt 
solutions. Four sample spectra are illustrated in Fig. 12. 
These spectra and the manner in which they vary with temperature and concen-
tration appear to show all the characteristics found in, say, the Na+ salt 
solutions, i.e. the species in equilibrium appear to be similar although 
their relative concentrations may differ. 
Successive substitution of the hydrogens of the aznmonium cation by -CH, 
groups has virtually no effect on the spectra until substitution is complete. 
At this stage the single sharp band of the free solvated anion indicates the 
absence of contact ion pairing. Thus the explanation of the NH,CN spectra 
results in an assignment of band 	to free cN anion, and bands B and C to 
the isomeric contact ion pairs N}1. . .CN and Nut. .NC. Band A is a dubious 
feature and, if present at all, it Is of very low Intensity. The assignment 
of band D to a solvent-shared ion pair is in accord with the proposal that 
the NHt ion in liquid ammonia behaves as a discrete thermodynamically stable 
entity in the solvent, much more so that the hydrated proton in aqueous 
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On the Analysis of Raman Spectra by Curve Resolution 
PETER CANS and J. BERNARD GILL 
Department of Inorganic and Structural Chemi,try, The University, Leeds tS2 9JT. United Kingdom 
Raman spectra obtained during studies of solution equilibria are 
subjected to analysis using a combination of a small, manually 
controlled, digital minicomputer and a large digital computer. The 
shape-function of the bands is regarded as an empirical parameter, 
and the majority of bands are found to have Lorentzian shape. 
Simultaneous determination of shape-function and curved baseline 
is shown to be unsatisfactory. The possibility that components of a 
multiplet have different shape-functions Is considered, and a proba-
ble example of such a case is given. Finally, it is shown that the r, 
region of the Ramsn spectrum of sodium nitrate in liquid ammonia 
probably contains three component bands, but uncertainty regard-
ing shape-function introduces large uncertainty into the areas and 
positions of the bands. 
Index Readings: Computer applications; Shape-function; Curve 
resolution; Raman spectroscopy. 
INTRODUcTION 
We have recently initiated a study of solution equilib-
ria in liquid ammonia using Raman spectroscopy for the 
determination, preferably quantitatively, of the concen-
tration of species in solution. ° Since many of the spe-
cies are chemically similar, the Rarnan spectra contain 
envelopes in which the species contribute component 
bands whose maxima are often separated by less than 
three bandwidths. Thus we must use a curve-resolution 
technique to determine the position, half-width, and 
intensity of each component. In the course of this work, 
we have developed a new technique for processing the 
data, involving a combination of small and large digital 
computers. The application of computer techniques to 
the resolution of infrared spectra containing overlapped 
bands has recently been reviewed, 4 although much of 
the fundamental work was performed by Pitha and 
Jones. 5 
We have critically examined one of the basic assump-
tions of previous curve-resolution work. In most of the 
infrared work, as in the resolution of Raman spectra, it 
has been assumed that the shape-function of the bands 
was a fixed and hence predetermined quantity. We have 
found it necessary in many cases to determine the 
shape-function empirically. The resulting uncertainty 
has caused us to examine the curve-resolution process 
from first principles in order to recognize the true uncer-
tainty in the directly computed band parameters, and 
quantities such as band area which are derived from 
them. In fact, band area is the most significant quantity 
for equilibrium studies, since it relates directly to the 
concentration of the species. This paper is concerned 
with the generalities of our procedure; the specifics of 
the various chemical systems will be discussed else-
where in greater detail in their chemical context. 
Received 9 September 1976; revision received 19 January 1977 
DATA PREPARATION 
The chart recorder trace from the Raman spectrome-
ter is first digitally encoded by means of a curve-follow-
ing device attached to a Nicolet digital minicomputer. A 
spectrum is normally encoded into 1024 equally spaced 
data points, and is placed temporarily in the Nicolet 
memory. The encoded spectrum is also punched out onto 
paper tape for storage and for subsequent processing on 
the large computer. This procedure is preferred to one 
involving direct digitization on the spectrometer (for 
which equipment is available to us) for two reasons. One 
is the convemenàe of having the spectrum in a format 
directly compatible with the Nicolet. The other is that 
we can encode a spectrum after having recorded it and 
having assessed its suitability for resolution purposes. 
The disadvantages are a loss of dynamic range (the 
chart is only 200mm wide) and a slight loss of precision. 
It also requires approximately 10 minutes to encode a 
spectrum. 
CURVE-FITFING PROCEDURE 
The curve-fitting takes place in two phases involving 
the Nicolet minicomputer and the ICL 1906A computer, 
respectively. Initial estimates of the band parameters 
are obtained and refined on the Nicolet, and these esti-
mates are then further refined on the 1906A. If the 
resulting fit is not satisfactory, it can be reviewed again 
on the Nicolet before further elaboration. We find this 
interaction between a large, powerful, flexible but re-
mote computing machine and a small, manually con-
trolled device a most valuable feature. It permits us to 
impose chemically determined criteria upon the compu-
tational process and it reduces to a small number those 
refinements which fail to converge because of insuffi-
ciently accurate initial parameter estimates. There is a 
clear advantage in terms of precision over an analogl 
digital hybrid system. 6  Moreorer, the relatively low cost 
of minicomputers, and their increasing availability 
through their use in spectrometer control 7 gives other 
practical advantages to this system. 
The general function we use is given by the equation: 
y = h + sx + qx + cx3 + e"°°° 
+ 	i{e'1' 
+ 1 + 
[2(x_P)]2} (1) 
This is a Gauss-Lorentz sum function with cubic/expo-
nential baseline. x is the frequency, in arbitrary units 1 
to 1000 from the highest spectral frequency, andy is the 
calculated intensity at that frequency. h, s, q, c, and z 
are the height, slope, quadratic cubic, and exponential 
terms, respectively, of the baseline. i is the maximum 
- 
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band intensity, (is the fraction of Gaussian component, 
p is the position of the band maximum and W0 and WL 
are the widths at half-height of the Gaussian and Lor-
entzian components of the band. n is the number of 
bands present. On the 1906A all parameters may option-
ally be refined. On the Nicolet the following restrictions 
apply: q = c = z = O;wG = WL,h is an adjustable con-
stant. and I  is also constant but may be adjusted in the 
range 0 I I. 
Preliminary Parameter Estimation and Refine-
ment. The preliminary fitting of a spectrum takes place 
on the Nicolet. At first the band parameters i, p, and w 
are guessed and then varied individually by hand. h,s, 
and f are chosen as seems appropriate. The fit is morn-
tored on the oscilloscope display. Once an approxi-
mately satisfactory fit has been obtained, the band pa-
rameters i, p, and w along with I are simultaneously 
optimized by a Nelder-Mead simplex least-squares min-
imization method which has already been described in 
detail. 8 The fit is again monitored on the oscilloscope 
display. If the optimized fit is satisfactory, then the 
band parameters go forward to the 1906A for further 
refinement. If it is not, h, f, or the number of bands may 
be altered until an acceptable fit is obtained. At this 
stage chemical judgment provides the main criterion of 
acceptability. 
The simplex minimization method is particularly well 
adapted to the refinement of poorly estimated parame-
ters since it is not subjeèt to the divergence problems 
which plague the Gauss-Newton method. Under favora-
ble circumstances it is also sufficiently powerful to per-
form an adequate resolution of the curve. 
If the parameter h is included in the simplex minimi-
zation, an instability results. This instability derives 
from the fact that any small change in h affects the 
whole spectrum, and this causes a large change in the 
sum of squares. 
Further Parameter Refinement. The FORTRAN 
program FF1'S implemented on the ICL 1906A com-
puter, has the generality and flexibility to adapt to all 
common curve-resolution requirements. The five pa-
rameters i, 1. p. Wt, and WG of any one component band 
may be optimized or constrained to a fixed value (in-
cluding zero) by specif5ring an individual refinement 
key. Two further constraining relationships are option-
ally possible: WL and wG may be constrained to be equal 
for any one or all component bands; and the parameter! 
may be constrained to be equal for all component bands. 
The vast majority of spectra are resolved with these 
constraints in operation. Examples showing the flexibil-
ity of the program are given below. The baseline param-
eters may also be individually optimized or fixed as 
required. 
The parameter refinement is a least-squares minimi-
zation method based on the Marquart-Gauss-Newton 
algorithm, in the efficiently coded form of Fletcher. 9 As 
we usually have good parameter estimates from the 
preliminary refinement, failure to minimize is rare. As 
a general rule, such failure becomes more likely with an 
• A listing of this program is available. A listing on 8-hole paper tape 
can also be supplied, upon request. 
increasing number of parameters. It is particularly im-
portant for refinements in which WL wc to use the best 
possible parameter estimates. 
The experimental data points are given equal weight. 
Experimental noise is reduced as much as possible at 
the time that the spectra are recorded, as this greatly 
facilitates the fitting process. For this reason, also, we 
do not attempt to smooth the data digitally. 
No constraints are imposed upon the values that pa-
rameters may take, occasionally giving rise to bands 
that have negative height or I f I >1. Clearly this situa-
tion is not physically acceptable because a component 
cannot have negative intensity. However, the introduc-
tion of non-negativity constraints into the refinement is 
undersirable, because a bias against small parameter 
values is introduced. 10 
Final results consist of a one-page listing of all param-
eter values, standard deviations and correlation coeffi-
cients, and component areas and their standard devia-
tions. A plot is also made of the observed spectrum, the 
difference spectrum (the difference between observed 
and calculated intensity, multiplied by 2 for the sake of 
clarity), and the calculated component bands. 
Ill. THE LINE SHAPE PROBLEM 
There is no satisfactory theory of line shapes for Ra-
man spectra of electrolyte solutions. Theories which 
may be applied to ideal liquids"' 2 break down when 
intermolecular and interionic forces come into play.' 3 
Consequently an empirical approach must be employed. 
An observed band may be used as a template for resolu-
tion work' 4--16 on the assumption that all bands have this 
same function. We prefer to use the analytical Gauss-
Lorentz sum function. This function has sufficient flexi-
bility and a large enough number of variable parame-
ters to allow for the empirical description of our ob-
served bands. It has been used by others,' 7 and is prefer-
able to the Gauss-Lorentz product function 19 - 19 on com-
putational grounds;'° the sum function is less highly 
nonlinear. Users of the analog computer, the duPont 
curve analyzer, have worked with Gaussian or Lorent-
zian shapes° or have not specified the line shape. 2 1 .22  
We have found that over a wide variety of solutions no 
one line shape is satisfactory. We therefore treat line 
shape as an empirical quantity, to be determined from 
experiment. 
IV. THE BASELINE PROBLEM 
This problem arises because of the single-beam na-
ture of the Raman experiment. 5 The absolute height or 
the baseline is arbitrarily determined by the level of 
background scattering. In addition, the baseline may be 
subject to an unknown amount of curvature, resulting 
from the tails of intense bands, or from the Rayleigh 
wing. 
The use of a polynomial function as baseline is justi-
fied when the curvature is small. However, uncertainty 
regarding baseline has serious consequences for the de-
termination of band shapes. Because the length of tail of 
a computed band varies with the fraction of Gaussian 
contribution, there is usually a high correlation be- 
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tween (and the baseline parameters. Further, simulta-
neous refinement off, h,s, and q usually leads to a very 
high (>0.95) correlation coefficient between 8 and q. 
Thus it is not usually satisfactory to attempt a refine-
ment off along with a variable quadratic baseline. It is 
also difficult to obtain information regarding the base-
line free from superimposed band intensity; for a Lor-
entzian line the intensity at five full half-widths from 
the band center is still 1% of the maximum intensity. 
Therefore, if a baseline has unknown curvature we have 
found that (must be constrained to a fixed value. 
With an exponentially curved baseline (h, 8, and z 
being optimized) it is also unsatisfactory to attempt to 
optimize f; in this case there is an exceptionally high 
correlation coefficient between a and z. We have also 
found a case, shown in Fig. 1, in which the quadratic 
function is a better approximation to the baseline than 
an exponential function. In this case the curvature is 
due to the outermost part of the Rayleigh wing. There is 
little doubt that the exponential baseline will be re-
quired to resolve bands nearer the center of the Ray-
leigh wing.ss 
V. RESULTS 
The majority of Raman bands that we have examined 
resolve into components that have Lorentzian line 
shape. This fact contrasts with earlier reports. For wa-
ter and aqueous solutions a Gaussian shape has been 
used, 1424 but Murphy and Bernstein' 9 performed a de-
tailed analysis of the OH stretching region of water 
using a Gauss-Lorent.z product function. This function is 
given, in their notation by the equation: 
= 1l + x3(v—x2)2 	 (2) 
and has four variable parameters x 1 to x4. In some cases 
the Lorentzian parameterx 3  was so small that the bands 
could be taken as Gaussian, but in other cases this was 
not so. The N - H stretching region of pure ammonia 
has also been analyzed using a Gauss-Lorentz product 
function' 5  and a similar procedure was applied to the 
nitrate bands of lithium nitrate solutions in ammonia.ss 
The extent to which the shape-function is determined 
by instrumental factors on different spectrometers is not 
clear at this time. We have always tried to minimize the 
effects due to finite slitwidth by using a bandwidth/ 
slitwidth ratio of more than 4 20  We have deconvoluted 
one such spectrum using a triangular slit-function, and 
this procedure produced no significant change in the 
spectrum, apart from an increase in the noise level. 
Thus, it seems inappropriate to use the Voigt profile." 
Although we have not yet found a case of a single 
band with a non-Lorent.zian shape, there are many 
cases where a multiplet is best resolved with a non-
Lorent.zian function. Such cases can, with experience, 
be recognized by examining the band tails; these are 
relatively much shorter for non-Lorentzian bands than 
for Lorentzian ones. However, the most uncertainty 
relates to the question of whether all the components of 
a multiplet have the same shape-function. 








flU 	 670 
Wavenumbers /cm' 
Fic. 1. Raman spectra of Ba(NO 3 ,-NH3  in molar ratio 1:81 at 298'K 
in the &(NO,) region. In a and c the baseline is formed from a 
quadratic polynomial function. In b the baseline is formed from a 
sloping straight line and an exponential function. In a and b the 
component bands have a Lorentzian shape. In c the Gaussian frac-
tion was optimized and had the value 0.32. 
vidually, as was done in the four-component system of 
the N - H stretching region of ammonia.' 7  Although it is 
generally true that the fit is improved by this procedure, 
relative to that in which the seine f is used for all 
components, the improvement is usually approximately 
what is to be expected on account of the increased num-
ber of parameters.t The greatest difference between 
Gaussian and Lorentzian shape-function is in the band 
tails and where more than two bands overlap informa-
tion concerning the tails of the central bands is lost. 
Under these circumstances the shape-function is vir-
tually impossible to determine individually, and so we 
usually operate with the constraint thatf is identical for 
all the components within a band. Nevertheless there is 
one clear case where this seems to be unsatisfactory. 
In the spectra of sodium cyanide in liquid ammonia, 
an example of which is shown in Fig. 2, the band at 
lowest frequency is clearly non-Lorentzian, as judged by 
the fully visible band tail on the low-frequency side. The 
t A precise prediction cannot be made because of the nonlinear 
relationship between the parameters and the observables. 
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Fto. 2. Raman spectrum of NaCN-NH3  in molar ratio 1:841 at 298K 
in C—N stretching region. 
other bands may well have a Lorentzian shape. The 
spectrum shown is one of a series and chemically con-
sistent results were obtained by assuming that all bands 
are Lorentzian except the one at lowest frequency.° 
Also, fits with (the same for all bands were not satisfac-
tory and would have required the presence of another 
band; that could not be justified on chemical grounds. 
Fits in which [was optimized individually for each band 
did not give chemically consistent results in the series. 
To summarize, we do not attach significance to the 
actual shape-functions used, but we think it is impor-
tant to recognize the possibility that the shape-function 
may be different for closely related bands in a spectrum, 
or from one spectrum to another. 
VI. AN UNDERDETERMINED SYSTEM 
The spectrum of the nitrate ion in the region of the 
asymmetric N —0 stretching vibration has been studied 
extensively in aqueous solutions, and the ammonia ana-
log is therefore of particular interest. Typical spectra 
obtained from sodium nitrate in ammonia at 233K are 
shown in Fig. 3. In this case the question is whether this 
spectrum can best be described in terms of two or three 
component bands. 
In order to answer this question various hypotheses 
were made with differing numbers of refinable parame-
ters. The results are summarized in Table I. Each col-
umn presents the results of one run, giving the refined 
parameter values and band areas, with associated er-
rors and other selected statistical information. The er-
rors were obtained in the usual way according to least-
squares principles. In all runs the baseline height and 
slope were optimized. 
The two-component hypothesis is tested in runs 1 to 4, 
and the three-component hypothesis in runs 5 to 8. 
Within both series the number of parameters increases 
from three per band, to five per band. For convenience 
we denote the bands as A, B, and C in order of decreas-
ing frequency. The details of the hypotheses are as 
follows. 
In run 1, bands A and C are both Lorentzian. In run 2, 
f is optimized and applied to bands A and C; w 1 is 
constrained equal to w0 . Run 3 is similar to run 2 except 
that WL and wG are optimized for both bands. In run 4 all 
five parameters of both A and C are individually opti- 
mized. In run 5 all three bands are Lorentzjan. In run 6, 
[is the same for bands A, B. and C, but is optimized; Wt is constrained equal to wG in each band. In run 7, WL is constrained equal to wG  in each band, but [is optimized 
individually for each band. In run 8 all five parameters 
of bands A, B, and C are individually optimized. 
It is immediately obvious that the simplest three-
band hypothesis (run 5) is better than the most complex 
two-band hypothesis (run 4). Statistically, the R factor 28 
is smaller in spite of the number of parameters being 
smaller. Intuitively, the difference curve shown in Fig. 
3b is "better" than that shown in Fig. 3a, because it does 
not contain any systematic trends, whereas in Fig. 3a a 
systematic trend, although small, is clearly discernible. 
Since the residuals should be randomly distributed in 
position, a run of residuals having the same sign indi-
cates that there is a systematic error present. Since all 
two-band fits suffered from this characteristic we con-
clude that the systematic error present is in the hypoth-
esis itself: On these grounds, therefore, as well as on 
grounds of more conventional statistics, we propose that 
band B is physically significant. 
Runs 6, 7, and 8 show improvements in the R factor 








• 	 14W 	 1300 
Wavenumber/cm 1 
Fic. 3. Raman spectra of NaNOrNH, in molar ratio 1:12 at 233'K in 
N—O asymmetric stretching region, a corresponds with run 4 in 
Table 1. b corresponds with run 5 and c corresponds with run 8. 
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TABLE I. Results of attempts to fit the v5 region envelope of the Raman spectrum of the nitrate ion. 
Run I Run 2 Run 3 Run 4 Run 5 Run $ Run 7 Run 5 
Band A 
lb 241(5), 221(4) 234(4) 247(4) 194(7) 170(15) 170U11 213(8) 
p5 1387.4(4) 1388.7(4) 1385.9(5) 1384.4(5) 1392.5(5) 1393.7(7) 1391.5)11) 13909161 
L0L5 48.2(10) 44.0(7) 52(3) 95(3) 37.3(7) 35.3(13) 36.3123 1 31.3i.18i 
WC5 . 	. 	. ... 41W 44(1) ... . 	. 	.1 . 	. 	.1 186151 
0 0.21(3) 0.42(4) 0.73(6) 0 -0.09(3) 023181 -0.37)11) 
Band B 
• 	
• 98(11) 143(26) 16728 152(17) 
1375.2(4) 1375.2(4) 1372.5(6) 1368.2(7) 
22(2.5) 29(4) 34(4) 20)4) 
WG 
0 	 ' . . 	. ... 10.4(8) 
0 -0.09(31w -0.62(28) -0.58135) 
Band C 
329(5) 334(4) 323(6) 297(7) 335(6) 315U5 290(15) 263)17) 
p 1358.2(2) 1358.7(2) 1357.3(3) 1356.5(2) 1357.3(3) 1356.5(4) 1355.9(4) 1353.7(4) 
Wi, 	 00.0(0) 	 00.013) 	 30(4) 50(2) 36.2(4) 35(8) 31(2) 294171 
w0 	 . . . 	 . . , 25(1) 16(3) . 	. 	. . 	. 	.( . 	. 	 .1 25.7(10) 
f 0 0.21(3)P 	0.42(4)' 0.08(6) 0 -0,09131' -0.18)7) -0.43)4) 
Areas 
A' 	 48(3) 	42(2) 	42(5) 51(13) 33(3) 28(6) 26161 38(8) 
B . . 	 ... 	 . . . •• 10(2) 20(7) 31(11) 19)9) 
C 	 52(2) 58(2) 58(5) 49(9) 56(4) 52(9) 43191 42)8) 
R factor1 	 0.0283 	0.0277 	0.0250 0.0233 0.0209 0.0207 0.0192 0.0184 
No. pararneted 	 8 	 9 	 11 12 11 12 14 17 
The-solution consisted of NaNO3-NH3 in molar ratio 1:12 at 233K. 
Height in arbitrary units on the scale 0 to 512. 
The figure in parentheses is the least-squares standard deviation and always refers to the last digit of the computed quantity. 
Position and half-widths are in wavenumbers (cnr'). 
Not applicable for a Lorentzian band. 
WG is constrained to be equal to Wi, for the given band. 
This value was constrained equal to! for band A. - 
Areas are given as a percentage of calculated total area. 
Defined as ((y,,,, - Yr.i,)'/I(Yot..)°). 
This number includes 2 for baseline height and slope. 
Also the difference plot of the most complex hypothesis 
(run 8), shown in Fig. 3c, seems to show no obvious 
improvement relative to run 5 in systematic trends. 
Therefore, one would normally accept the simplest of 
the three-band hypotheses, that of run 5. 
However, uncertainty regarding the shape-function 
means that the weak component B might account for 
anything between 10 and 30% of the total multiplet 
area. This variation is greater than that indicated by 
the standard deviations, which reflect only the random 
errors in the observed spectrum, and from which all 
systematic errors are naturally excluded, including sys-
tematic errors deriving from the hypothesis. The situa-
tion regarding the position of band B is similar, but the 
uncertainty in position is not excessive relative to ex-
perimental error. 
Thus, although it is reasonably certain that band B is 
present, its area and to a lesser extent position are 
largely indeterminate, because the spectrum does not 
contain enough information to determine the appropri-
ate band parameters. We concur with Vandeginste and 
De Galen4 in their assertion that a successful resolution 
can only be performed when there is a sufficient number 
of inflection points in the spectrum to define each band 
fully. When this is not the case it may still be possible to 
define a minimum number of components that may be 
present, but the information regarding position and 
intensity must be considered unreliable. Where the 
number of bands present has been determined by Prin-
cipal Component Analysis3° curve analysis may yield 
little additional information. 
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Comments on Critical Evaluation of Curve Fitting in Infrared 
Spectrometry 
Su Vandeginste and De Galan (1) have proposed objective 
aiteria for the resolvability of overlapping infrared absorption 
bands, based on the separation.between the origins of a pair 
of bands. As the band separation decreases the first critical 
separation, termed the "shoulder limit", is reached, defined 
when the experimental curve y has a critical point at which 
•Dy Day = 0, and illustrated in Figure la. As the bands 
4r8brought closer together the second critical separation, 
têrmed the "detection limit" is reached, defined by the ex-
:- latence of a critical point at which D'y = Day = 0, and il-I Justrated in Figure lb. In their submission, their infrared 
:absorption curves could be "reliably" resolved only if the bands 
wkrë further apart than the second critical Beparation. 
We have examined the effect of the signal-to-noise ratio, 
TS/N, of the data on resolvability and have found that the 
minimum band separation at which aoceptable resolutions can 
be obtained decreases as S/N increases, To illustrate this 
point, we have synthesized a number of realistic curves of 
known composition and have subjected them to curve reso-
lution (2) in order to compare calculated parameter values 
with known values. The curves consisted of three overlapping 
Lorenzian bands of equal half-width, with intensities of 200, 
WO, and 200 arbitrary, units. Adjacent bands were separated 
:'by. the same distance a which is conveniently expressed in 
'terms of the band half-width ((with). An experimentally 
derjved spectm of noise with a 8lightly nonrandom distri-
bution, rms 2.25 unite, was superimposed On the awn of 
Lorenzians. A second set ot curves was synthesized in the 
Mine way but with one fifth of the noise level, ring = 0.45 unit. 
• Thus, the S/N ratio, defined as maximum signal/rms noise, *"-approximately 100 and 500 in the two Bets of curves. A 
typical curve from the first set, its ràolution, and the noise 
are shown in Figure 2. 
• When the band parameters are known as in the present case 
Or as when spectra are obtained from mixtures of known 
?ompositio, the reliability of a resolution may be expressed 
terms of the "disèrepancy ratio". This is the ratio of the 
5 rpancy between the value of a parameter calculated by 
• Uxve resolution and its value in the synthesized curve and 
• 
the standa.j deviation of that parameter as calculated by the 
UiCIple and method of least squares (3). Some computed 
''ozepaflCy ratios, which are of course scale-independent, are 
Tables land IL The correlation coefficients between 
'sht and width were greater than 0.9 for a less than 0.75 
hslf-widtha, and so were included in the calculation of errors 
in band areas by error propagation (3), as the correlation term 
may contribute up to half the tote] relative variance in band 
area. 
The results obtained at S/N 100 show that the estimated 
values of the band parameters position, height, width, and 
area are on average within ca. three standard deviations of 
the values used to synthesize the spectra from s = 1.15 Los 
0.45 half-widths, which corresponds to the "resolution limit". 
With separations less than 0.45 half-width some discrepancy 
ratios such as those of the height, width, and area of the 
middle band become increasingly large. This means that not 
only are the computed parameter values in error but also, more 
significantly, the errors themselves are seriously underesti. 
mated. We conclude that for separations greater than the 
second criticnj value, the curves have been reliably resolved 
if we estimate the errors as three standard deviations. This 
is in agreement with the results of Vandeginste and De Galan 
obtained with infrared spectra. However, for a less than 0.45, 
the resolutions are unreliable in the sense that estimates of 
errors are unreliable. 
At S/N mf SOOwe conclude that the curves with s greater 
than 0.25 balfwidth have been reliably resolved if we estimate 
the errors in band paiametars as four standard deviations. 
This margin is smaller in absolute terms than in the high noise 
case since the standard deviations are some 3-4 times larger 
in that case. Thus reliable resolutions have been achieved with 
separations much less than the "resolution limit"; a = 0.25 
corresponds to the fifth critical separation as defined below. 
We suggest that one reason why standard deviations may be 
underestimates of error is that they reflect only random errors 
in the data, and that systematic errors must inevitably be 
present locally in a spectrum even if overall the errors follow 
an appropriate random distribution. Further, the errors are 
based on the approximation that the model is linear in the 
region of best fit (3); the degree of nonlinearity is uncertain, 
though probably small. 
Other systematic errors may derive from the model, if the 
base lize'thuet beSparameterie(J (base-line height was op-
timized in our modó1ca]culàtio) or the shape-function of 
the bands is inaccurath' for example, when the bands are 
slightly asymmetric (1)' The effects of finite slit-widtha can 
in principle be eliminated• by deconvolution (4). If these 
sources of systematic errors can be eliminated, our results show 
P30 
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Table L- Discrepancy Ratio. Obtained from Synthetic Spectra with "High" Noise Level 
bandi 	 band2 
p 'h w A .p h w A p h 
0.75 -2.3 -1.9 -3.4 -2.4 6.6 4.5 2.9 4.4 8.3 -4.0 0.65 -0.6 -0.3 -1.5 -0.7 2.9 0.8 0.8 0.9 0.6 -1.1 0.55 1.0 1.9 0.2 1.6 0.1 -2.3 -1.7 -1.6 1.6 2.6 1150 
0.45b 
-3.0 -2.9 -3.1 -2.6 -0.6 2.8 3.7 4.3 1.5 -1.7 -3.0 -3.5 -3.9 -3.0 -0.8 4.7 6.4 8.5 1.9 -2.6 0.40 -2.4 -2.8 -3.4 -2.4 -0.3 4.9 6.7 9.2 2.6 -2.5 0.35 -3.8 -4.9 -3.7 -2.0 -3.0 7.7 7.5 23.4 1.9 -1.1 0.30 -4.8 -8.5 -3.9 -1.5 -4.8 17.8 4.8 58.6 1.8 -0.6 











b Illustrated in Fig. 
band 3 
Table IL Discrepancy Ratios Obtained from Spectra with "Low" Noise Level 
bandi band2 band3 











-1.8 1.5 -1.6 0.7 2.0 2.1 2.1 









-0.5 -0.9 -0.6 
0.40 -2.3 -3.5 	-3.8 -3.4 0.7 4.3 4.8 5.5 4.8 
-3.5 -4.1 -3.5 














-0.7 1.8 2.6 2.8 3.9 3.3 -2.3 -2.0 
-2.4 




Figis, 1, The lht and second resolution lvs (shoMer and detection 
limits) musfrated for two Lorenzlan bands of equal half-width with io- 
tenafties k1 the ratIo 2:1. (a) Separation 0.95 half-width; Dy - O'y 
0 at 0.75 MN-wlt, from the Ortin of the iorger band. (b) Separation 
0.55 halt-width D'y - D'y. Oat 0.32 half-width from the odgin 
of the larger band. in both (a) and (b) the  lower csrve represents D'y 
- Band had-wiahs 
Fig. t: Typical synthetic spectnsn and resolution. The spec-wn 
was synthesized from livee Lorenzlan bands of equal half-width with 
k-iten&tles In the ratio 2:1:2, separated by 0.45 half-width each. (a) 
The 'obsved specbisn and tIlted bands. (b) The resktnla (observed 
- calculated) magnifIed by a factor of 2 
that resolvability is limited only by the S/N ratio. We suggest 
that an attempt should be made to estimate the error in the 
standard deviations (this is what the discrepancy ratio mea-
sures) in the ustial way by independent replicate analyses. We 
draw attention to the fact that errors in band areas are the 
least reliable, with obvious consequences when band areas are 
used to estimate the concentrations of chemical species. 
The concept of shoulder and detection limits can be ex-
tended by defining the nth critical separation as that sepa-
ration between - a pair of bands for which a criticaj point exists 
where D"y = D"y = 0. When n is odd, a shoulder similar 
to that shown in Figure Is is to be observed in the curve of 
D"'y at the critical point where the slope is zero, there is 
also an inflection. When n is even, a situation similar to that 
depicted in Figure lb obtains and the critical point is at a 
maximum or minimum (the latter if n is divisible by four) in 
the curve D"y where the value of Dy is also zero. The sep-
aration between any pair of bands can be placed between two 
critical values by examination of the curve derivatives of even 
order. We have developed improved methods for curve di!-
ferentiation for this purpose (5). It is to be noted that for two 
bands of Lorenzian or Gaussian shape, equal height and 
half-width, the critical point for even it is the midpoint be-
tween the band origins. It then follows from the analytics) 
formulas for the derivatives (6) that all the derivatives D"y 
where m is odd are simultaneously zero at that point. The 
2nd, 4th, and 6th critical separations are 0.58,0.32, and 0.23 
half-widths for two equal Lorenziana and 059, 0.43, and 0.37 
half-widths for two equal Gausaians, respectively. 
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Examination of the Convolution Method for Numerical 
Smoothing and Differentiation of Spectroscopic Data in 
Theory and in Practice 
PETER GANS and J. BERNARD GILL 
Departmenl of inorganic and Structural Chemistry. The Uniz.ersiS. Leeds 182 9JT. U. K. 
General expressions have been derived for the effects of con-
volut ion on a set of experimental dat.., from which the noise 
reduction may be predicted quantitatively. From these, a new 
criterion is proposed for the choice of convolution function in 
terms of the degree, number of convolution points, and number 
of paa of the convolution function through the data. This 
criterion gives maximal noise reduction with minimal signal 
distortion, and is particularly applicable, resolution enhance-
ment applications. The new criteria have been tested with 
experimental data. 
Index Headingx: Computer applications: Digital fllter Data con-
volution. 
INTRODUCTION 
As part of our program of investigation of the chem-
istrv of solutions of electrolytes in non-aqueous media,' 
we have analyzed numerically a large number of infrared 
and Raman spectra. The object of this analysis is to 
decompose the observed spectrum into a sum of calcu-
lated spectra, each of which characterizes a single species 
in solution. However, when the spectra of individual 
species overlap each other extensively, the curve-fitting 
technique becomes subject to severe limitations,"' not 
the least o which is that it becomes difficult even to 
determine the number of species present. An alternative 
method of analysis involves numerical differentiation of 
the spectroscopic data to produce apparent resolution 
enhancement.' We have therefore been led to examine 
the process of numerical differentiation with a view to 
obtaining the maximum resolution enhancement, which 
in practice means finding an optimum balance between 
smoothing and distortion of the derivative. 
Digital smoothing of spectra has been thoroughly re-
viewed,5 and the process popularized by Savitsky and 
Gol avr is in widespread use. In practice, the experimental 
data are filtered by convolution with a set of weights 
associated with a simple polynomial, and the experi' 
,r,enter must choose, for a given derivative, the number 
of weights, the degree of polynomial. and the number of 
passes of the filter. At present, this choice is always to 
some extent subjective. One objective criterion was pro-
posed by Enke and Nieman in which the optimal 
.monthing filter was chosen to maximize the signal/noise 
ratim' (i.Vi in the smoothed data. Unfortunately, the 
uc of this criterion entails seere signal distortion, and 
it is therefore not appropriate for our purposes of reso-
hit ion enhancement. O'Haver anti Uegley have derived 
expressions for filters derived from polynomials of degree 
one, and Ziegler has described some properties of 
...o."l I? Nm,vemlw'r I95',: revision reteived Vi Januarv 1983.  
smoothing filters.9 We have developed a general theory 
of the effect of convolution filters, and propose an alter-
native criterion for the choice of filter which can be 
applied objectively. With this criterion, smoothing is 
maximized while distortion is minimized. In the final 
section, we give an example of the application of this 
criterion. 
I. THEORY OF SMOOTHING; CHOICE OF 
FILTER WIDTH 
We assume that the data points Y, ij = 1.. .m (e.g.. 
intensity values) are equally separated along the axis of 
the independent variable (e.g., was enumber or wave-
length) by an increment bx. An auxiliary variable, to be 
denoted by p or q, is defined for a set of 2n ± I points 
(p,q = .. ... . ... n), and we define N = 2n + I. A 
polynomial of degree h in p is fitted by the method of 
least squares to N experimental data points and the 
smoothed value at the central point (p = 0) is obtained 
from the coefficients of the polynomial in two stages, by 
algebraic solution of the least squares equations. Tbe 
weights are given as: 
= (JTJ)IJT A,Jn/D 
where the superscript T implies a transposed vector or 
matrix. J is a matrix whose rows have the values I, p. 
p2.. .p 5 , A l is the first row of the matrix adjoint to 1jTj  I. 
and D is the latter's determinant. (The weights for 
derivatives are given by choosing a different row of the 
adjoint matrix A in Eq. 1.) The smoothed values,. ii = 
n + I ... m - n) are given by 
= 	
(2) 
It will be useful below to have an expression for the sum 
of weights squared: 
= i %4•2 = p--n 	 (3 
= A JT,,fl,T1,jy = 
This result follows because (JTJ I A is a Unit matrix 
multiplied by D. and shows that for smoothing the sum 
o weights squared is equal to the value of the central 
weight. W. tEq. I. J' = (1 I) () , as noted by Ziegler. 
Un general .i, = .4/I) for the k - Ith derivative.i 
We now assume that the observed data Y, is a notional 
sum of noise-free signal S1 and signal-free noise Z,. These 
quantities can nct'er be determined separately, but the 
object of smoothing is to find a good approximation to 
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S1 . Applying the filter, Eq. 2 become. 
y — WS. 1 + I W,Z,,..1 — s + 	(4) 
We define the residual ôy1 as (Y1 — y) 
ôvj= Yi — yJ=(Si — s,)+Z, — z,&,1+bz, (5) 
The sum of squared residuals is given by 
= 	by, 2 = Iôs, + Ibz, 2 + 215s,ôz, 	(6) i_* I 
We denote LbS,2 by a,2  and term this the distortion error 
since it represents the effect of smoothing on the notional 
noise-free signal. The second term in Eq. 6 represents 
the noise removed and can be evaluated by expansion: 
= 	— 	P2 
(7) 
= 	- 	+ 
We now define the noise autocorrejat ion functions, C, 
C. 	 (8) 
Inserting these into Eq. 7, it becomes 
= 	- 2 "i' w9c + (w5 w)c,
09 





0,2 = 1Z12 	 (101 
and 
5—.--,, 
B,- Z w5 w., 	 (ill 
p- - I,  
becomes 
0,2 	0d2 + ( I — a,,2)a,2 	 (13) 
This equation tells us that the variance of the residuals 
between observed and smoothed data is, to a first ap-
proximation, the sum of a distortion term a d2 and a noise 
term which depends both on the weights and on a,?, the 
variance of the notional signal-free noise. An alternative 
form is: 
a,2 	a42 + 0 — lV0)012 	 (14) 
If, now, we vary N. the terms in Eq. 14 vary as shown 
in Fig. 1. We propose that the inflection point where 
d'a,2/dN2 = 0 be taken to determine the value of N, since at that point 
	
d2o42/dN = (d?a,1cfN !) a,2 	(l.) 
Since the curves of a/ and tI - a,, 2 1 against N have 
curvature of opposite sign, one can say that i 1 — a. is maximized while ad2  is minimized. (1 - a,, 2 )a,2  is the 
noise removed from the spectrum. This is easily shown 
by writing down the expression for the variance of the 
noise remaining after filtering 
0 — 	= .Z, - I:, 12 	 (1) 
Thus, the second term in Eq. 13 is the difference in noise 
variance before and after filtering. At the inflection 
point, this is maximized while the distortion is mini-
mized. A minor problem is that, as N is varied, the 
summation range of a. and a, varies. This makes little 
practical difference. but we prefer to use the root mean 
= 	 = c,,a,? + B,C. 	(16) 




Finally, Eq. 9 is substitut.ed into Eq. 6: 
a,2 = 	+ ( I + a2 - 2W,)a,2 	
(121 
- 2Wc' + 2B.c, + 26s4z 
Eq. 12 would be exact if m were infinite, but for finite m. 
a small error labout li is introduced by mismatch at 
the ends of some of the summation ranges. A similar 
equation applies for derivatives, but is less useful because 
the reidual cannot be measured experimentally: this 
notional residual is obtained by replacing S, in Eq. 
its notional derivative. 
In general the autocorrelation functions will not be 
known. We can make an approximation. to Eq. 12 by 
neglecting the noise autocorrelation functions ( and C,. 
This is a good approximation for most experimental data, 
and seems to he used without question in electrical filter 
theory.' We may also assume that the quantities b.c, and 
Sz. are not highly correlated so that the last term in Eq. 
12 may also be neglected. Then, recalling Eq. 3, Eq. 12 
/ 
• 1 
S 9 13 r -.25 
Fm. 1. An example of the t,rmg in Eq. 14. The spectr.lm consisted of 
a 1.nrentz,an line of half .ajdth IS pointk tpr,-ad over t.'9 Points and 
eentrpd at puint 64. The heithi wa fli unit4 and c,' a& taken as I. 
Hers',, the SIN ratio ia .50. 
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square residual (u,'/m - 2n)" as this is less dependent 
on N. 
An estimate of the second derivative of a, 2 with respect 
to N is easily obtained by applying a second derivative 
filter to the sequence of 0,2  values. We have found the 
filter with weights (½ - ½ - 1/2 1/2) to be satisfactory. 
Since the value of d2 r,2/dN 2 changes from negative to 
positive with increasing N, we choose as the number of 
weights the largest value for which d2cr,2/dN' is negative. 
H. NOISE REDUCTION: CHOICE OF 
POLYNOMIAL DEGREE 
The variance of the weights, g,2  gives a direct measure 
of the noise reduction, as shown by Eq. 17. The general 
expression for the k - ith derivative is (cf. Eq. 3): 
a' = (k - 1)!A,.,./D 	 (19) 
It is more convenient to consider the inverse of 1.2, 
which we call the noise improvement factor p2: 
p2 = 1/0,,2 = ZVILZ , 	 (20) 
p2 is the factor by which the noise variance is divided, 
and p the factor by which S/N is multiplied to take into 
account noise reduction. Expressions resulting from ex-
pansion of Eq. 19 are given in Table I. It will be noted 
that the expression for a, for the k - ith derivative is 
dominated by the term in N'"', and that as N in-
creases the other terms become negligible. Thus, for large 
N, we can express the noise improvement factor in the 
form 
- (1/au.,1/2 2 	- aN 2 	(21) - 
Ziegler has given the coefficients a from Eq. 21 for 
smoothing I Ref. 10, Eq. 4). We give a more complete set 
in Table II, where are also included some values obtained 
numerically. The reader should note that Ziegler's coef-
licients are double those of Table II because his are 
expressed in terms of n. 
For smoothing the noise improvement, p is propor-
tonal to ,'02  for polynomials of all degrees, but the 
nroportionality factor decreases with increasing polyno-
mial degree. This implies that noise should be removed 
most effectively by filters based on polynomials of degree 
I or 2. The former is the running average filter 
W, = 1/N) which is not very useful in spectroscopy 
because it introduces severe distortion at small values of 
N. Distortion is less with filters based on polynomials of 
degree 2. With these filters, we can expect an improvement 
in S/N of about 213N,  e.g.. for N = 9 a factor of 2 and 
for N = 36 a factor of 4. Clearly, signal-averaging is to 
he generally preferred as a method of noise reduction. 
For the first derivative, the quadratic filter is much 
more effective than the cubic filter, and noise improve. 
rnent of 7A is predicted for N = 9 and 36 for N = 25. 
This is offset by a large signal reduction so that the 
S/N ratio in the derivative is often less than in the 
'hserved data. This also applies to the higher derivative 
filters. 
To achieve comparable noise reduction by quadratic 
and quartic filters, the latter would have to be 56% longer 
for a smoothing filter and 84 °? longer for a first derivative 
filter. The choice of filter degree therefore turns on 
TABLE 1. Exprelona derIved for the variance of the 
weights, ',. by ezpsaaam of Eq. 19. N lathe nuinher of weights. 
nenv.tve 	Degree of 	 /0 polynomial 
0 	 0,1 	 N 
4 NOW - 4) 
0 	 2.3 	 - ______ 
9 (N' - 7/3) 
1 	 1,2 	
1
(N3 _N) 
2 	 2.3 	
I
—(N'-5N 2 +4N) 
720 
TABLE U. LImiting expre..iona' for the coiae improvement 
factor p deflned in Eq. 21. 
Derivat.ive 	Degree of polynomial 	 p 
0 0,1 N" 
o 2.3 2/3N" 
o 4.5 
I 1,2 3/6 N 3 ' 
1 3.4  
1 5.6 0.062N" 
2 2,3 v5/60N" 7 
2 4,5 0.0I0N 5'7 
3 3 4 s7I840 N" 
3 5.6 5.9x1ON' 
4 4.5 2.0 x IO 	N"7 
• Ezpreeaions gwen in rational form were obtained algebraicalk' the 
other expreeaiona were obtained by computer program. 
whether the distortion is larger or smaller with the longer 
filterof higher degree. In our experience, it is comparable 
and we therefore use quadratic filters in most cases. In 
cases of doubt, we find the inflection point for smoothing 
filters of various degrees, and compare the residuals (see 
"Discussion"). 
III. MULTIPLE SMOOTHING 
Successive application of two smoothing filters is 
equivalent to the application of a single combined filter. 6 
Since Eq. 12 was derived without reference to the specific 
form of the filter weights, we can use it also for multipass 
filters. We will derive one expression in closed form, and 
give numerical results for the others. 
The filter equivalent to two passes of the moving 
average filter (W0 = 1/N) has the form: 
W... 6 = (N - lp + q)/N 2 	(22) 
From this we can derive the noise improvement for the 
second pass as: 
- 
P'= \Iv-) 	(23) 
In this formula N refers to the number of points in the 
one.pass filter. Clearly, p' approaches the limiting value 
of 1.22 as N increases. 
The noise improvement for successive passes of a 
quadratic filter was calculated numerically, and it was 
also found to approach a limiting value rapidly as 
increases. The limiting improvement factors were 1.13, 
1.056, and 1.039 for the second, third, and fourth passes. 
respectively. l'hese figures, which have been derived from 
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theory alone, are entirely consistent with the results of 
Enke and Nieman 7 who found empirically that the noise 
remaining varied approximately with the inverse eighth 
root of the number of passes; the exponent derived from 
our figures is 7.3, which in this context is not significantly 
different from 8. 
If the distortion is small, multiple smoothing will give 
roughly the same distortion on each pass, so to maintain 
the same level of distortion its filter will have to be 
shortened somewhat. The scope for multiple smoothing 
is therefore limited when resolution enhancement is re-
quired, but for analytical applications, a useful 25% gain 
in sensitivity is obtained by using a four-pass quadratic 
smoothing filter. 
IV. MULTIPLE DIFFERENTIATION 
The second derivative of the data can be obtained by 
using one pass of a second derivative filter, or by using 
two passes of a first derivative filter: similar considera-
tions apply to the higher derivatives, with the proviso 
that the degree of the polynomial must be at least as 
high as the degree of the derivative. We have found that 
two passes of a suitably shortened first derivative filter 
gives slightly better theoretical performance than one 
pass of a quadratic second derivative function, for both 
Lorentzian and Gaussian line shapes. Similarly, four 
passes of a quadratic first derivative filter are slightly 
better than one pass of a quartic fourth derivative filter. 
The predictions have been verified in practice on a 
wide variety of experimental data. As illustration, we 
present the infrared spectrum of sodium cyanate in water 
(0.011 M. 25-p CaF2 plates), and its fourth derivative 
obtained by three different filters. In each case, the value 
of N was determined by finding the inflection point. The 
results are shown in Fig. 2. It is clear that the four-pass 
first derivative function gives the best results, as our 
theory predicts it should. We have found that multipass-







Fir.. 2. lnirarsd spectrum of a sotuoto of sodium evanate 10.011 M in 
-alert lal and ita inurth deruaii-e 'i'tained using tour passes of a 2(16 
point quadratic Iir't derriative (uncti.,, 'ia: to pasaea of a 23-point 
quadratic .iecnnd derivati',- lundl ion 'Cl: one paci of a 4-point quartic 
fourth derivative (unctt,,n id,. 
appears to give the best derivative spectra. This means 
that all differentiation of spectra may be performed using 
only quadratic first derivative filters, and this greatly 
simplifies the problem of choosing the differentiation 
filter. 
A point to notice is the presence of ripples in the 
derivatives shown in Fig. 2. These ripples are aliases of 
noise ripples whose periodicity is less than the interval 
between data points; 6 that is, they are a direct conse-
quence of the combination of finite sampling with con-
volution. They can be removed only by improved exper-
imental techniques, such as improving the S/N ratio. 
V. DISCUSSION 
We suggest the following criteria for choice of filter 
weights. (i) Degree of polynomial: quadratic polynomials 
will be satisfactory for most spectroscopic purposes. (ii) 
Number of passes: it is generally worthwhile to use a 
minimum of two passes. To obtain the dth derivative of 
the data, used passes of a quadratic first derivative filter. 
(iii) Number, of points per pass: for resolution enhance-
ment, locate the inflection in the curve of a, vs N. and 
for maximum S/N enhancement, use the criterion of 
Enke and Nieman.' 
These criteria have been implemented in a computer 
program MULTISMOOTH and have been applied to 
various experimental data. An application follows in 
Section VI. The calculation of filter weights is particu-
larly easy, as outlined in the Appendix. The progrant 
makes the determination of the inflection a semi-auto-
matic process by varying N within prescribed limits, and 
then shows graphically the requisite derivative together 
with the residuals remaining after smoothing. The latter 
are very important, as they indicate whether the smooth-
ing process introduces errors larger than the noise errors. 
This comes about as follows: the maximum distortion 
error for spectroscopic bands occurs at the band maxima, 
so if N is too large those residuals will be larger than the 
residual due to noise removed. This has been confirmed 
empirically. 
It should be noted that the position of the inflection 
depends on the S/N ratio in the spectrum, as shown by 
the explicit presence of the noise variance a,' in Eq. 13. 
Therefore, our criterion for choosing the filter depends 
directly on the noise level. If the noise is reduced, for 
example, by spectrum averaging, the filter width will 
have to be reduced, but the consequent reduction in the 
fraction of noise removed will be more than offset by the 
gain due to signal averaging, which is also of a different 
kind . r. 
Our recommendations differ from those of Wilison and 
Edwardst in various respects. The experimental spec. 
trim is obtained with the longest practicable time con-
stant to maximize RC smoothing, together with a scan-
ning speed slow enough to minimize RC distort or..' This 
has the further advantage of reducing the noise autocor-
relation functions. I'ositive noise autocorrelation will 
increase the noise remaining, according to Eq. 16. as 
follows. The coefficients of C. in Eq. 16 are the weights 
of the equivalent two-pa.ss filter (Eq. 11) and it can be 
shown that the first .V values are all positive. Hence, if 
C, is positive, the variance of the noise remaining will be 
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increased. The relevance of noise autocorrelatjon to the 
quality of spectroscopic data has not hitherto been rec-
ognized, but it is clear that, if runs of adjacent noise 
values have the same sign (positive autocorrelation), this 
will have a deleterious effect on all least squares data-
fitting processes. Noise autocorrelation must be reduced 
by good instrumental design and careful recording of 
spectra. In most cases, the digitization interval is deter-
mined by our instrumentation and it is only for "broad" 
bands that we can follow Wilison and Edwards. As they 
suggest, the final choice of experimental conditions is 
made in the light of a preliminary analysis of the data. 
VI. AN APPLICATION 
We have chosen an application in which the chemical 
value of using the derivative technique is to be seen 
clearly. Previous investigations of the Rarnan spectra of 
sodium cyanide dissolved in liquid ammonia were incon-
clusive as regards the number of bands in the spectra; a 
hand was suspected at about 2059 cm. but its presence 
could not be proved. 0 
The spectra were recorded again with the same instru-
ment as before, modified to permit spectrum averaging. 
Seventeen spectra were averaged, giving an S/N ratio 
approximately 4 times higher than before. A two-pass 
first derivative function was applied to the data as shown 
in Table III. In the d2RMS/dN 2 column, the first three 
vslues are not accurate because we use a four-point filter. 
Nevertheless, the inflection is clearly located at 
N = 8. At this value, the distribution of residuals clearly 
approaches a normal distribution (moment coefficient of 
skewedness = 0; moment coefficient of kurtosis = 3). 
Nite that even values of N can be used when filtering 
with a two-pass function. The spectrum, residuals, and 
second derivative obtained with a two.pass eight-point 
function are shown in Fig. 3. The residuals show no 
systematic trends, except in the region of the sharpest 
peak, where they are all positive, an indication that the 
distortion error is comparable with the random errors in 
that zone. Thus, the error due to smoothing is seen to be 
no greater than the random errors present in the spec-
trum initially. 
The second derivative shows that the band at about 
2057 cm is asymmetric, and that the asymmetry is not 
due to overlap by the hand at about 2063 cm, whose 
second derivative has negligible intensity below about 
t69 cm. The asymmetry of the hand at about 2057 
cm can be ascribed to the overlap of two or more 
symmetric components whose separation is small com-
pared to their half-widths. The fourth derivative of this 
hand is also asymmetric, and has no shoulders, so that 
he separation is less than the fourth critical distance. 
At this separation, decomposition of the spectrum into a 
sum of components is extremely difficult and will only 
succeed if the S/N ratio is high and if the component 
shape functions are known accurately. We have tried to 
decompose the improved spectrum into a sum of Gauss-
i.orentz sum functions, but the results were clearly un-
atisfactory, in that the second derivative of the calcu-
iated spectrum did not match the second derivative 
shown in Fig. 3, in spite of the fact that the spectrum-
fitting was excellent. The reason for this failure is that 
TABLE M. Analyst, of the residuals (Y, - y) obtained after 
treatIng the spectrum shown in Fig. 3 with two paes of an N 
point smoothing function. 






4 129 0.05 3.43 
5 1.74 - 0.13 3.32 
6 1.92 0.06 3.09 
7 2.01 -35.8 -0.01 2.87 
8 2.16 -2.79 -0.01 2.68 
9 2.30 4.08 0.00 2.50 
10 2.43 -1.37 0.03 2.34 
11 2.61 4.57 0.07 2.23 
12 2.82 7.28 0.20 2.25 
13 3.16 16.0 0.30 2.46 
14 3.62 25.9 0.44 2.91 
15 4.24 27.7 0.57 3.44 
-I 5 .1 . 	I 
rlJn.f 
ICc) .V 
2068 	 2060 2.2 
Fit-,. 3. t'art of the Raman spectrum of NaCN in liquid ammonia at 
297 K imul ratio NH!SaCN - 1041. 1st The spectrum obtained by 
a%eraging 17 runs. lhi The residuals (Y - s,) obtained after filtering 
with a 2-pa.. 8-purnt quadratic smoothing function. c 2.16 X 10. 
•ci The second denvatis-e obtained by filtering with a 2-pass 8-point 
first denvative convolution function. 
the height, position, and width parameters of the two 
components ofthe largest band became highly correlated. 
and this implies an indeterminate fit. Spectrum decom-
position therefore indicates that the band at about 2057 
cm' can be decomposed into at least two components, 
but does not give reliable estimates of the components' 
parameters. The advantage of the derivative technique 
is that it involves no arbitrary assumptions concerning 
the number and shape of the components in the spec. 
rum. 
The chemical conclusions are particularly interesting. 
The components of the hand at about 2057 cm are 
assigned to the "free solvated cyanide ion, and to the 
solvent-shared ion pair Na°lNft(CN). The assign.. 
ment will be discussed in detail when we present a full 
report on the spectra of the cyanides of lithium, sodium, 
potassium. beryllium, and aluminum dissolved in liquid 
ammonia. For now, we point out that this represents the 
first unambiguous evidence for the presence, of an outer 
sphere complex of the solvated sodium cation. 
An estimate of the S/N ratio in the derivative can he 
obtained by using the data in Table II. Since a nine-
point quadratic smooth removes half of the noise, the 
spectrum had a S/N ratio of about 250. A nine-point 
first derivative function improves this by a factor of 
93/2 hut the signal height decreased b y a factor of 
about lt.Xi, so the S/S ratio in the derivative is about 20. 
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Application of the derivative technique to. our earlier 
data, obtained with lower S/N ratio, did indicate the 
presence of asymmetry in the band at about 2057 cm', 
but the noise level was higher, and the interpretation 
more difficult. This clearly demonstrates the importance 
of improving the S/N ratio in the spectrum by experi-
mental means, such as RC smoothing and signal aver-
aging. 
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APPENDIX 
Algebraic solution of Eq. 1 leads, after simplification, 
to the following formulae for the weights for quadratic 
convolution functions. 
13N' - 7 - 5(2p)/4 
Smoothing: 	
= 	N(N 2 - 0/3 
p) 
(II) First derivative: W, 
= 	
(2 
N(N 2 - 0/6 
with2pim1—N,3—N,5—N...N-3,N-1.Nrn y 
be either even or odd, but must be greater than 3. The 
formulae have been chosen so that both numerator and 
denominator are integers and can be calculated using 
integer arithmetic. Factors common to numerator and 
denominator can be removed from Eq. 1 as follows (a is 
an arbitrary positive integer): 
N = 4o + 2; common factor is 2 
N = So + 2 or So + 3; common factor is 5 
A common factor of 2 is present in numerator and 
denominator of Eq. II when N is odd. 
The weights for multipass functions can be built up by 
successive combination of pairs of functions of width N 
and N' using the formula of Savitzky and Golay' 
= : 	 (III) 
Note that since i + j is constant, E. 111 shows that the 
new weights are produced by convoluting together the 
old weights. To use Eq. LII, accumulate the weights W 
in parallel while running the two variables i andj through 
their summation ranges. This is equivalent to forming 
the N x N' array of products and summing those prod-
ucts for which i + j is constant. 
Copiesof our program MULTISMOOTH are available 
in extended BASIC and in FORTRAN. The program 
incorporates the formulae given above and the new cxi-
tenon for selecting N. It enables a set of convolution 
weights to be constructed which are equivalent to P 
passes of a N point function and P' passes of.a N' point 
function. 
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Smoothing and Differentiation of Spectroscopic Curves 
Using Spline Functions 
PETER GANS and J. BERNARD GILL 
Department of Inorganic and Structural Chemistry, The Uniuersity. Leeds LS2 9JT. United Kingdom 
The use of B-apllnea for smoothing and differentiation of spectroscopic 
curves has been Investigated. The theory of B-epllnes and their use are 
outlined. For single Lorentzlan and Gaussian curves, optimal spline 
functions of degrees 3-7 Inclusive, based on symmetric arrangements of 
5, 6, and 7 knots, have been computed. Various schemes for the auto-
matic selection of knots used In fitting experimental curves have been 
Investigated and some schemes have been applied to data obtained by 
Raman spectroscopy. 
Index Headings: Smoothing; Differentiation; B-aplines Spectroscopy. 
INTRODUCTION 
The process of smoothing or differentiating experi-
mental data that are a function of one variable is a pro-
cess of curve-fitting for which many numerical methods 
are available.' One of the methods most widely used by 
chemists was given a definitive exposition 2 by Savitzky 
and Golay (SG). In the SG method, the data points must 
be equally spaced along the x axis (independent vari-
able), and a polynomial in x of degree h is fitted to a 
set of 2n + 1 data points. The value of the function or 
a derivative may be calculated from the coefficients of 
the polynomial at the central data point, and when the 
least-squares equations are solved algebraically the re-
sult is expressed as a weighted average of the 2n + 1 
Received 17 November 1982; revision received 20 May 1983.  
data values. Savitzky and Golay gave tables of the 
weights up to n = 12. The weighted average operator is 
moved through the data so that smoothed or derived 
values are calculated in turn for all but the outermost 
2n values of x. The curve of the resultant values is there. 
fore a convolution of the experimental curve. 
We have developed a theory of the effect of convolu-
tion on spectroscopic data, and from this theory have 
proposed a criterion for choice of n which gives an op-
timal balance between smoothing and distortion. How-
ever, even when n is chosen according to this criterion, 
one problem remains: an effect of finite sampling is to 
introduce aliased frequencies into the data, and these 
may appear as ripples in the differentiated spectrum. 24 
An example of the ripples is shown in Fig. Ic. The spec-
trum, shown in Fig. Is, was constructed from two Lor-
entzian curves, and some noise obtained experimentally. 
The second derivative of the noise-free spectrum is shown 
in Fig. lb. The ripples both introduce some distortion 
into the derivative, and make it difficult to identify small 
but genuine spectroscopic features. We have therefore 
investigated fitting by spline functions for smoothing 
and differentiation with a view to reducing the effects 
due to finite sampling. Spline functions° are suitable for 
this purpose since they have properties of continuity 
which should counteract the discontinuous nature of 
digitized experimental data. As many chemists are not 
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Ib) 	 N (d) 
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I 	 (e) 
1  
Fm. 1. (a) Synthetic curve consisting of two Lorentziana + noiae (b) D'y obtained by differentiating the Lorentzisns; (c) D'y obtained using 
the Savitzky-Golay method with an ii point quadratic function; (d) L)'y obtained using a quintic spline function and evenly spaced knota (e) 
D'y obtained uaing a quintic spUme function and knota distributed on the basis of (y")" in Eq. 8. 
familiar with spline functions, it is necessary first to give 
an outline of their properties. 
THEORY OF SPLINE FUNCTIONS 
AND B-SPLINES 
A polynomial spline function of degree h, order k 
(k = h + 1) consists of a set of m + 1 pieces which are 
polynomials of degree h in the independent variable x 
joined end-to-end at m points. The values of x at the 
points of the joins are termed internal knots. When all 
the internal knots have distinct values, the spline func-
tion y is continuous, and its derivatives Dy, D2y... D'y 
are also continuous, though one must choose between 
left and right continuity conditions. The derivative D"y 
is constant between knots, and changes discontinuously 
at the knots. The dimension of the spline function, that 
is the number of parameters, is given by k + m. When 
d knots have the same value they are said to have a 
multiplicity of d. The number of continuity conditions 
at knots of multiplicity d is k - d; it follows that the 
spline function is discontinuous at knots of multiplic-
ity k. 
A fundamental theorem 5 states that all spline func-
tions of order k on a set of m given knots can be con-
structed by taking linear combinations of a set of k +  
m Basis or B-splines. 7 The knots, denoted by t. (1 = 1, 2 
2k + m) must be arranged in strictly increasing or -
der. The B-splines are defined uniquely in terms of the 
m knots, and of 2k external knots, which may be spec-
ified arbitrarily. It is convenient to give the first k ex-
ternal knots the value of x at the first data point, and 
the last k external knots the value of x. at the last data 
point The k + m coefficients of the linear combination 
are uniquely determined for a given set of data by the 
principle of least-squares, and the resultant spline func-
tion is the one that best fits the data in the least-squares 
sense, given k and the m knots. 
The ith B-spline of order k at a point x B,.,(x), may 
be conveniently computed 5 by means of the recursion 
formulae 1 and 2. 
	
B. 1 (x) = 1 if t. 	x < t,,, 
otherwise B, 1 = 0 	 (1) 
B5(x) 
= X - 1 
 B,•_(x) 
ti+_1 - ti 
- x 
+ 	 B1+ ._ 1 (x). 	(2) - 
ti*k 	ti,.I 






Fic. 2. B-!plines B, baeed on the knota 1,2,3,4,5. k -2--.-; k - 
3---k-4—. 
Thus, each B-spline is non-zero only inside a sequence 
of k + 1 knots; this is known as a limited support prop-
erty and has the corollary that there can be at most k 
non-zero B-splines at any point .x, a fact which greatly 
simplifies computations. The B-splines defined by Eq. 1 
are left-continuous. To emphasize the point that 
B-splines B.k(x) are analytical functions in the same 
sense as sin(x), log(x), etc., the functions B1 , for k = 2, 
3, 4 and knots 1, 2, 3, 4, 5 are illustrated in Fig. 2. As 
can be seen from Eq. 2, the derivative of a B-spline of 
order k with respect to x is a linear combination of B-
splines of order k - 1. The value of a spUme function at 
a point x is given by Eq. 3 
y(x) = 7, c 1B(x) 	 (3) 
where the coefficients ci are the parameters of the func-
tion. Because of the limited support property, the sum-
mation in Eq. 3 contains at most k non-zero terms. 
To find the spline function that best fits a set of p 
data points, one must first define a set of m interior 
knots and 2k exterior knots. In circumstances where it 
is known on theoretical grounds that derivatives of order 
less than h - I are discontinuous at some points in the 
data, the multiplicity of the knots should be set accord-
ingly. The curve-fitting then consists of minimizing 
W(x)(e(x), the sum over all the data of the weighted 
squared residuals, defined by Eq. 4. We have used unit 
weights throughout our work. 
e(x) = y'(x) - 	cB,(x). 	(4) 
The solution of the least-squares equation follows stan-
dard procedures with simplifications permitted by the 
fact that the normal equations matrix (which need not 
be formed explicitly) has zeros everywhere except along 
the leading diagonal and h adjacent diagonals. The spline 
function may be computed'° for any value of x from 
Eq. 3 by two alternative methods including a second use 
of the recursion formulae 1 and 2. The derivatives are 
also easily obtained. Multiple differentiation of Eq. 3 
yields Eq. 5 in which the B-splines of order lower than 
k appear as before. 
Diy(x) = 	c10"B1_(x) 
c" 	c, for j = 0 
	
c (j) — c 	(1) 
= ( 	- t,)/(k - 	
for ./ 	0. 	(5) 
Knot Distributions. In choosing the interior knots our 
objective is to use as small a number of knots as prac-
ticable in order to reduce the dimension of the spline 
function and increase the signal-to-noise ratio of its de-
rivatives. This objective can be achieved by adopting 
various criteria. One such criterion is that the spline 
function should be the smoothest that is possible. Con-
sider the general interval between knots a(o = t,) and 
b(b = t11) of width t(& = ti,- t.). Theory shows 
(Ref. 5, P. 180) that the smoothest spline function is 
obtained by choosing the knots in such a way as to mm- 
ixnize the maximum value of the scaled norm of the 
kth derivative in each interval a, b, given in Eq. 6. 
S b = Ii1tl x (6) 
The minimax solution, given that lYy is continuous and 
monotonic in a and b, is that S 6  should be constant in 
all intervals a, b. Now, since the derivative Dy of a 
spline function of order k is zero, it is necessary to obtain 
an estimate of Dhy  independently. Using this and some 
approximations, de Boor has shown that an equivalent 
statement of the minimax solution is given by Eq. 7. 
z<ô 
IDy(x)P'-= 	 IDhy(x)I1. 	(7) m + 
The summations in Eq. 7 are taken over all the data 
points in the relevant interval, and hIx represents the 
distance between adjacent data points. The exponent 
1/k arises because the kth root of Eq. 6 gives a function 
linear in at. Equation 7 is very simple to use. Having 
obtained an estimate of IYy, hence I  IYy m, the values 
at all data points are added together, and then divided 
by m + 1 to give a target sum S 7.. Then, starting at a 
given knot a = t,, the values at successive data points 
are added together until the target sum is reached, thus 
defining b. 
The simplicity of this procedure led us to examine 
other knot distributions based on the analogous Eq. 8. 
m i 
+- f(x) 1x. (8) 
The functions f(x) tried included D2y(x), Dy(x), y'(x) 
and y(x) - y'(x). There is no theoretical justifica-
tion for these knot distributions, but there is evidence, 
discussed below, that they may be empirically useful. 
COMPUTATIONAL DETAILS 
Two sets of computer codes are available for the de-
termination of best-fit spline functions. That of Cox and 
Hayes'03 1  implemented in FORTRAN (E02BAF and 
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E02BCF) ALGOL 60 and ALGOL 68 in the NAG library 
(Numerical Algorithms Group, 7 Banbury Road, Oxford 
0X2 6NN, U.K.) is a highly efficient algorithm for spline 
functions of degree 3. The coding is specific to cubic 
spline functions and uses a variant of Gentleman's mi-
plicit method to solve the least-squares equations. 1L13 De 
Boor5  gives a number of FORTRAN subroutines that 
can easily be used to find best-fit spline functions of any 
degree. FORTRAN versions of both algorithms were in-
corporated into computer programs for processing our 
Raman spectra, using an interactive graphics terminal 
attached to a DEC 10 computer, as previously de-
scribed. 14 The interactive element is not essential, since 
all the steps could be performed in batch-processing 
mode, though there would inevitably be delays between 
steps. The graphics terminal gave a display of the data, 
residuals and derivative, and the programs allowed cop-
ies of the display to be made by graph-plotter when 
desired. 
The programs were also translated into extended BA-
SIC and transferred to a Hewlett-Packard 9845 S mini-
computer, and all knot refinements were performed on 
this machine. Copies of any program (excluding the 
copyrighted NAG material) are available on request to 
the authors. 
RESULTS AND DISCUSSION 
Optimum Knot Distributions. We have examined some 
of the best fits that can be achieved for single noise-free 
curves by optimizing the knot values for various spline 
functions. The Lorentzian and Gaussian curves used are 
expressed in standard form as y = 1/(1 + x 2) and y = 
exp(-log.2 x 2) with FWHH of 2 units. The curves ex-
tended to ±2.5 half-widths, and though the choice of 
limits was made arbitrarily, it is reasonable for spectro-
scopic purposes. The data was sampled at 128 evenly-
spaced points in the given interval. To simplify the cal-
culations, the distribution of knots was constrained to 
be always symmetrical about the band origin (x = 0) so 
that for 5-knot schemes there were only two refinable 
parameters, while for 6- and 7-knot schemes there were 
three refinable parameters. This meant that the whole 
parameter space of the 5-knot schemes could be exam-
ined in two dimensional contour plots. In those cases so 
examined the minimum appeared to be unique. The 
quantities optimized were the gaps between adjacent 
knots, which were constrained to be always positive (so 
that the numerical ordering of the knots did not change 
during a refinement) by a simple change of variable: 
gap = (parameter) 3. The results obtained are given in 
Tables I and H in the form of refined knot values and a 
signal-to-truncation error ratio S/T which is simply the 
inverse of the RMS error. Slightly different knot values 
are to be expected when the objective curve spans a 
different range of x values. 
In all cases bar one (h = 6, m = 5) the SiT ratio was 
found to be larger than 500, which compares favorably 
with the S/N ratio in many experimental spectra. In-
deed, only six cases were found in which S/T was less 
than 1000. We conclude that smoothing by almost any 
spline function with optimized knots will give excellent 
results, with truncation error small compared to experi- 
TABLE I. Refined kitot values for fit., of the Lorentzjan curve y Il 
(I+x'), -s a x a 5, by spline functions of degree h. 
8 m Knott - SIT' Clasi' 
3 5 0 0.748 2.410 1516 A 
3 6 0.00005 0.748 2.410 1544 A 
3 7 0 0.600 0.825 2.377 1681 A 
4 5 0 0.370 0.899 624 A 
4 6 0.240 1.044 2.750 5303 B 
4 7 0 0.240 1.043 2.768 5321 B 
5 5 0 0.482 1.268 4709 B 5 6 0.00001 0.482 1.268 4709 B 
5 7 0 0.463 1.301 3.285 7957 B 
6 5 0 0.001 0.001 134 A 
6 6 0.253 0.640 1.556 9020 C 
6 7 0 0.248 0.622 1.555 9021 C 7 5 0 0.189 0.189 560 A 7 6 0.001 0.189 0.189 560 A 7 7 0 0.353 0.840 1.757 9170 C 
• Knots occur in pairs at ±x values unless a 0. 
SignaItI'runcatjon error (128/residual sum of squares)'. 
A, cuitable for smoothing only; B. suitable for computing Dy C 
suitable for computing Dy. 
mental noise. Spline functions which are suitable for 
smoothing only are classified as A. Those functions clas-
sified as B give good representations of the second de-
rivative D2y which are at least piece-wise quadratic. Good 
representations of the fourth derivative Day will be ob-
tained using those functions classified as C. 
A class B fit of the Lorentzian band is shown in 
Fig. 3. The piece-wise cubic representation of the second 
derivative is clearly an excellent approximation to the 
second derivative calculated analytically. A similar sit-
uation for a Gaussian band is illustrated in Fig. 4. In 
both cases illustrated, the maximum error in D2y was 
less than 0.5% of the value of the derivative. 
There are many results in Tables I and II that will be 
of interest to numerical analysts. For chemists, however, 
the significance of these results is that they indicate the 
minimum amount of truncation error that can be ex-
pected in a given situation. Further, the optimized knot 
distribution may serve as a guide in evaluating distri-
butions obtained by other means (q.u.). 
We have briefly investigated knot optimization for 
noisy data (both synthetic and experimental) in which 
TABLE B. Refined knot vilers for fit, of the Ganeslsn cm,. , - 
eXP(Z'), -s Z :5 5,: On 2)'x by spUne functions of degree & 
h in Knots SPF Class 
3 5 0 1.282 2.793 1218 A 
3 6 0.124 1.267 2.812 1315 A 
3 7 0 1.202 1.374 2.780 1293 A 
4 5 0 0.657 1.593 551 A 
4 6 0.577 1.747 3.295 4835 B 
4 7 0 0.569 1.764 3.180 6021 B 
5 5 0 1.073 2.126 5510 B 
5 6 0.0002 1.073 2.126 5510 B 
5 7 0 1.055 2.187 3.561 28,869 C 
6 5 0 0.829 0.828 494 A 
6 6 0.488 1.490 2.554 85.724 C 
6 7 0 0.486 1.490 2.554 85.725 C 
7 5 0 1.237 1.392 4334 B 
7 6 0.001 1.280 1.349 4337 B 
7 7 0 0.923 1.864 2.953 276.498 C 
Notes as in Table 1. 
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Fin. 3. Optimized apline function of degree 5 on 7 knots for the Stan-
deed Lor.ntzian curve. The knots are indicated by snows. (a) The 
L.oeentzian curve (b) D'y computed from the sphne Iunction (c) re-
siduals between the torentzian and the spits. function multiplied by 
[000; (d) residuals between the 2nd derivative of the Lorentaiso and 
of the spUne function multiplied by 50 
two or more bands are overlapped. The results clearly 
indicated that there is little advantage in knot optimi-
zation for differentiation of complex experimental spec-
tra. In the first place, when two or more bands are pres-
ent it is not possible for the knots to be optimally 
distributed for all bands simultaneously. Secondly, there 
is a tendency for knots to come very close together some-
times, hence reducing the number of continuity condi-
tions at what are effectively multiple knots. Thirdly, a 
spline function with optimized knots gives residuals with 
the maximum degree of randomness, regardless of the 
degree of randomness of the experimental noise; there 
is therefore a tendency to follow the noise which is in-
creased if knots can come close together. Finally, there 
is the consideration that knot optimization uses large 
quantities of computer time. Moreover, we have found 
that with relative ease knots can be adjusted manually 
to conform approximately to optimal distributions; this, 
is useful if it is necessary to reduce the number of knots 
to a minimum in order to maximize the S/N ratio of a 
derivative, and to check the genuineness of peaks and 
inflections. 
Trials on noise only indicated that the minimum num-
ber of data points between knots should be in the range 
10-15. the larger number being required for the spline 
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Fso.4. As for Fi& 3, but with a Gaussian band in place of the L. 
entzian. 
functions of higher order. By combining this infórma-
tion with the data in Tables I and H, we can obtain an 
estimate of the required density of digitization. For ex-
ample, to fit a Lorentzian curve with a spline function 
of degree 5 with 7 interior knots, there should be -65 
points (2 x 15/0A6) covering the full width at half-
height 
Evenly Spaced Knots. The main advantage of this knot 
distribution scheme is that the values of evenly spaced 
knots can be calculated with extreme simplicity, but the 
data in Tables 1 and H clearly show that evenly spaced 
knots are often far from optimal. In consequence, the 
number of knots required with this distribution scheme 
is relatively large. A second derivative obtained from the 
synthetic data previously described using a quintic spine 
function based on 32 evenly spaced knots is shown 
in Fig. id. it is clear that even with this knot distribu-
tion scheme the S/N ratio in the derivative obtained 
from the spline function is much higher than in the de-
rivative obtained by the SG method which is shown in 
Fig. ic. but that the ripples are still present. The regular 
knot distribution will be useful mainly for preliminary 
investigations. 
Good Knot Distributions. The use of Eq. 7or 8 results 
in acceptable fits of the data being obtained with spline 
functions having relatively few knots. However, the data 
in Tables I and II indicate that the optimal distribution 
of knots varies with both the order of the spline function 
P32 
and the nature of the curve being fitted. It is therefore 
to be expected that a single knot distribution scheme 
such as Eq. 7 will not suffice for general use, though we 
have found that knot distributions based on Eq. 7 usu-
ally require fewer knots than do regular distributions. 
The determination of the number of knots required will 
be discussed below. 
The use of Eq. 7 to derive a good knot distribution 
requires that an estimate of D5y be obtained. De Boon 6 
has given a method by which an estimate of D"y can be 
calculated from a spline function of order k by what is, 
in effect, a quadratic interpolation between values of the 
piecewise constant function D6y. We have not used this 
method. Burchard has suggested using a spline func-
tion of order j (i> k) to obtain an estimate of IYy. With 
j = k + 1, D6y is piecewise constant and withj=k + 2, 
it is piecewise linear. We have used both j = k + 1 and 
j = k + 2 to derive estimates of D6y from a spline func-
tion with evenly spaced knots. it is also convenient to 
use the SG method to obtain an estimate of D"y if the 
S/N ratio of the data is not excessive. 
A very effective knot distribution scheme for fitting 
the synthetic data with a quintic spline function was 
found to be given by Eq. 8 with f(x) = y06(x ) and q - 
0.5. The exponent was found by rough trials using values 
of q = 2, 1,0.5, and was chosen because fewer knots were 
required. We can now describe the process for the de-
termination of this number, which consists simply of 
finding the best fit spline functions for various numbers 
of knots distributed in all cases according to the chosen 
scheme. The results for our synthetic data are shown in 
Fig. 5. With 10 knots or less, the fit was clearly unsat-
isfactory in that the residuals showed clear evidence for 
the effects of truncation by the presence of systematic 
errors. As m was increased, the evidence for truncation 
errors decreased until it was scarcely discernible with 
m = 13. The residual sum of squares shows a sharp break 
in the rate of decrease at m = 11, so we choose m to be 
2 or 3 knots more than this value. As the number of 
knots is further increased, RSS decreases slowly and 
slightly irregularly. The slow decrease corresponds to 
the fact that the spline function has an increasing num-
ber of parameters, and the irregularity stems from the 
fact that the distribution of knots may be more on less 
close to the "optimal" distribution for that number of 
knots. We use the term "optimal" here to describe that 
distribution which gives the lowest RSS. As the experi-
ments with knot optimization have shown, this optimal 
result is not necessarily the best in terms of the quality 
of the derivative. The result for in = 13 is shown in 
Fig. le. 
The pattern displayed in Fig. 5 is typical of all the 
pitterns we have found in fitting data by spline func-
tions. Whatever the knot distribution scheme, there is a 
minimum number of knots below which RSS rises very 
steeply. A fit using 2 or 3 more knots than this minimum 
gives.a satisfactory derivative with minimum truncation 
error and maximum S/N. If more knots are used, the 
S/N ratio deteriorates; but at first the deterioration is 
slow, so the method is not sensitive to the precise num-
ber of knots. 
The S/N ratio of a derivative obtained using a good 
knot distribution may be extremely high, as exemplified 
by the result shown in Fig. le. The most significant as- 
w 	 is -
 KMITS.m 
Fro. 5. Residual sum of squares plotted against the number of knots 
for fits of the synthetic data shown in Fig. is with quintic spline 
function and knots distributed on the bean of (yM" in Eq. & 
pect of this result is that there are no spurious minima 
to be confused with the minima derived from the un-
derlying Lorentzian bands. This is particularly useful to 
spectroscopists, because they will be using the derivative 
as an aid to define the number of bands underlying a 
spectrum, as well as the heights and positions of indi-
vidual bands. In general, some spurious peaks will be 
generated in the derivative curves, but we have found 
that they are usually small and can sometimes be elim-
inated by use of a very good knot distribution scheme, 
one that requires fewer knots than the others. 
Order of Spline Function. The choice of k will be de-
termined by practical considerations. Looking once again 
at Tables I and II, we see that for a given number of 
(optimum) knots the fit does improve as k increases, as 
expected. It is not the case that more knots are neces-
sarily required as k increases, but we have found that 
this is so in practice. From the point of view of smooth-
ing, therefore, k will be chosen by reference to the S/N 
ratio in the data. 
The nature of the derivative curve is of paramount 
importance in our application to spectra. We require 
that the derivative curve shall be a spline function of 
degree not less than 3, i.e. that it is at least piece-wise 
cubic. The fitting spline function must therefore be of 
degree 3 more than that of the derivative, and we have 
adopted the practice of using quintic spline functions 
(k 6) to obtain D2y. We would recommend a septic 
spIne function if IYy is required. A third consideration 





Fio.6. (a)Ramanspectrumbetween2lfi5and2095cm-' ofamixture 
of AgNO. KCN and N1, in molar ratio 0.42:1:100 at 293 K; (b) least-
square fit using 4 bands of 60% Lorentxian and 40% Gaussian char-
acter. The bands have been assigned to the species AgCN,, Ag,CN, 
AgCN and AgNC in ordes of decreasing wavenumber (c) second de-
rivative obtained using a quintic spline function on 14 knots distrib-
uted according to Eq. 8 with 1(x) - y' and q - 0.75; (d) second deriv-
ative of the sum of bands ehown in (b); (e) second derivative obtained 
using a 13-point quadratic convolution function. 
in the choice of k is that computer time increases rough-
ly in proportion to the order of the spline function. 
CONCLUSIONS 
The Savitzky-Golay method is very effective in 
smoothing noisy data, but it needs to be applied care-
fully to minimize distortion of the experimental curve.' 
The SG method is less satisfactory for smoothing of very 
noisy data, and for numerical differentiation. 
The exact nature of m, k, and the knot distribution 
are not critically important for the success of the spline 
function method for smoothing and differentiation. As  
long as the spline function gives a good approximation 
to the data it does not matter that the approximation is 
not unique. Spline functions based on good knot distri-
butions give curves of the function and its derivatives 
in which the amplitudes of the aliased frequencies are 
much reduced when compared to the curves obtained by 
using the Savitzky-Golay method. 
We have applied the spline function method to a range 
of Raman spectra obtained from silver(I) cyanide com-
plexes in liquid ammonia solution.' 7  The second deriv-
ative curves, with their enhanced resolution, enabled us 
to identify seven chemical components from spectra 
which were much too complex for effective curve reso-
lution. The derivatives were obtained before the chem-
istry was worked out, using two guiding principles: (1) 
the minimum number of knots should be used, consis-
tent with there being no obvious truncation errors in the 
residuals; and (2) changes from one derivative curve to 
another should be monotonic functions of the chemical 
parameters being varied. The most important quality of 
the derivative curves was the high signal-to-noise ratio 
which enabled us to distinguish easily between minima 
due to spectroscopic bands, and noise minima. It is our 
belief, based on early trials, that the analysis would have 
been impossible with the Savitzky-Golay method be-
cause of the difficulty identifying spectroscopic minima 
in the higher noise level. This is illustrated in Fig. 6. 
In this illustration, the derivative obtained using the 
SG method indicated the presence of two bands clearly, 
but the derivative obtained using the spline function 
method indicated the presence of at least four bands. 
The bands are so close to their neighbors that curve 
resolution may not be very reliable." Nevertheless, the 
second derivative of the resolved spectrum and of the 
spline function are in good agreement, and each sup-
ports the validity of the other. 
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Spectrochemistry of Solutions 
Part 15 [1]. Vibrational Spectroscopic Observation 
of Solvent-Shared Ion-Pairs (or Outer-Sphere Complexes) 
in Liquid Ammonia Sotutions 
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Leeds LS2 9FF, England 
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Liquid ammonia / Electrolyte solutions / Jon-pairs / Ratnan / Derivative spectra 
Four bands can be discerned in the v(C—N) region of the Raman spectrum of NaCN 
solutions in liquid ammonia at 2084 (A), 2076 (B), 2065 (C) and 2058 (E). These are assigned as 
foUows: (A) aggregated ian-associates; (B) and (C) linkage isomeric 1:1 contact ion-pairs, 
Na .. .CN and Na. . . NC respectively; and (E) centred on the free solvated CN anion 
band, is a composite band due to a wide range of ion-paired species involving longer range 
interactions such as solvent-shared and solvent-separated ion-pairs. The 2nd derivative 
spectrum displays a distinct asymmetry in band E indicating a band at 2059 (D) cm' 
attributable to a solvent-shared ion-pair. 
Im v(C—N)-Bereich des Ramanspektrums von NaCN-Lösungen in flussigem Ammoniak 
werden vier Banden bei 2084 (A), 2076 (B), 2065 (C) und 2058 (E) beobachtet. Die Bande (A) 
wird den lonenaggregaten aligemein zugeordnet, die Banden (B) und (C) den 1: 1-Kontaktio-
nenpaaren (Verkettungsisomere). Die Bande (E) im Zentrum dcr Bande der solvatisierten freien 
Cyanidionen resultiert aus der Existcnz der unterschiedlichen Ionenpaarkonfigurationen mit 
1-6sungsmittcleinschlul3. Das Spcktrum der zweiten Ableitung liefert für (E) deutliche Asymme-
tric, die anzeigt, daB cine Bande bei 2059 (D) solvensseparierten lonenpaaren zugeordnet werden 
kann. 
Introduction 
Our investigations of the vibrational spectra of unicharged multiatomic 
anions of simple 1: 1 and 2: 1 electrolytes dissolved in liquid ammonia have 
led to a number of important conclusions concerning the types of ion-
associated species and their equilibrium distributions [2]. In previous papers 
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[2-4] we have shown that bands due to both stretching and bending 
vibrations of anions can be attributed to specific ion-paired forms. The 
assignments have been established by the application of a number of criteria 
as follows. 
When a cation is complexed by a cryptand (like C222) to form an 
inclusion complex all bands due to ion-pairs disappear from the spectrum 
leaving only those bands due to the "free" solvated anion [5]. 
As either the salt concentration and/or the temperature is raised the 
relative intensities of bands due to ion-pairs increase relative to that of the 
free anion band [3]. 
An increase in the concentration of a common ion, e.g. the addition of 
NaCI04  to a NaCN solution, causes the relative intensity of the bands dueto 
ion-pairs to increase [6]. 
Bands due to 1: 1 contact ion-pairs exhibit a simple linear relationship 
between the reciprocal of the cation crysthilographic radius and the shift in 
wavenumber of the ion-pair band from the free anion band [7]. 
Assignments of the C - N stretching frequencies of the Raman spectra of 
liquid ammonia solutions of LiCN, NaCN, KCN, Be(CN) 2 and Al(CN) 3 
(shown in Fig. 1) have all been made according to the above criteria. In the 
case of the NaCN solution they are as follows: 2058(E)cm, "free" 
solvated CN ; 2065 (C) and 2076 (B) cm -1,  1: 1 contact ion-pairs; and 
2084 (A) cm -1,  aggregated ion-associate possibly (Na + CN ). 
We previously reported [24] that the C - N stretching region of the 
Raman spectrum of NaCN in liquid ammonia appears to be a 5-component 
spectrum. In addition to the four bands A, B,C and E, which are clearly 
visible in the profile, a fifth band at - 2060 (D) cm 1 was included. At the 
time, the validity of its inclusion in the resolved spectrum was open to a 
certain amount of question. The decision to include band D was based 
entirely on our band resolution procedure [8,9] which gave much improved 
fits to the observed spectrum profiles when a small feature was placed in the 
region of 2060cm . Attempts to fit a 4-component band arrangement were 
unsatisfactory. The relative areas found for band D were always low (< 10% 
of the total). Also D at —2060cm is nearer to Eat 2058 cm 1 by less than 
0.5 band half-widths. Accordingly, any attempt of resolution of D from E is 
doomed to failure because a high degree of correlation between the respective 
band parameters in the fitting process is inevitable [101. Thus whilst 
computer-assisted resolution work on the NaCN solution spectra has always 
pointed towards the existence of a band at about 2060 (D) cm - all attempts 
to define beyond all doubt a band between 2058 and 2065 cm -' have hitherto 
been without success in spite of many experiments over wide changes of 
concentration and temperature. 
In this paper we present further justification for the inclusion of band D at 
—2059 cm ' and make an assignment for this feature. We also present 
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Fig. 1. The C—N stretching region of the Raman spectra of liquid ammonia solutions of cyanide 
salts at 293 K. Solution concentrations are expressed as R = (no. of moles of NH 3)/(no. of moles 
of CN) 
specific assignments for bands at 2065 (C) cm - 1 and 2076 (B) cm which are 
duà to the two linkage isomers of the 1: 1 contact ion-pairs. 
Results and discussion 
In the spectra of NaCN solutions the bands at 2065 (C) cm and 
2076 (B) cm are assigned to 1: 1 contact ion-pairs on the basis of (i) their 
relative shifts from the free anion band, (ii) their relationship with the 
comparable bands in the spectra of LiCN and KCN solutions, and (iii) their 
relative increases in intensity when excess Na cations are added to the 
solution. To decide which of these bands is due to one or other of the two 
linkage isomeric 1: 1 contact ion-pairs, Na . . . NC and Na . . . CN, 
presents a more difficult problem. The assignment can be made qualitatively 
using an approach based on the "hard-soft" acid-base concept [111. 
Accepting that hard-hard acid-base interactions are more favoured than hard-
soft ones the Na . .. NC species would be expected to dominate in the 
equilibrium. At all temperatures the band at 2065 (C) cm 'is more intense 
than the one at 2076 (B)cm'. Thus if it is assumed that the band intensity 
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Fig. 2. The Raman spectrum of the C - N stretching region of a liquid ammonia solution of 
Na' 2CN and Na' 3CN at nearly equal concentrations at 293 K. Total [CN1 concentration is 
given by R =35 
coefficients are similar it is reasonable to associate band C with the 
Na .. . NC ion-pair. Some further circumstantial support for this attri-
bution can be drawn from examples of species in which the C - N. group is N-
and C-bonded to boron and silicon [12, 13]. In the X—CN form (where 
X = B or Si) the C—N stretching frequency is raised to a higher frequency 
thanintheX — NCfo 
We have recorded the spectrum of a solution of a nearly equimolar 
mixture of Na" CN and Na 1 3CN in liquid ammonia (Fig. 2). It is possible to 
distinguish between the two isomers by a comparison of the relative shifts 
between the bands due to the separate sets of isotopically different ion-pairs 
and the corresponding frequency shift for the free anions. Strictly the relative 
shifts for the different isotopically substituted isomer pairs should be 
compared with that of isolated CN anions containing the 12C and 13C 
treated as harmonic oscillators. This assumption leads to a calculated shift of 
41.6 cm 1 , but although the free solvated anions are not harmonic oscillators 
the observed shift of 42.3 cm is close. 
Following earlier work by Nakamoto and Tevault [14] we interpret an 
increase in the isotopic shift between a pair of bands corresponding to the 
same vibration, over and above that of the uncomplexed anion, to indicate 
bands due to the M CN bonded species. Conversely a fall in the shift 
indicates bands due to the M - NC bonded species. Accordingly the shifts 
indicated on the spectrum shown in Fig. 2 can be used to assign the bands at 
2076 (B) cm and 2065 (C) cm 1 , to the Na + . . . CN - and Na + . .. NC - 
ion-pairs respectively. 
This method of assignment depends on the precision of determination of 
the band shifts and hence on the quality of determination of the relative 
positions of the band maxima (absolute determinations of the band position 
are unnecessary). Measurements, to a sufficiently high degree of precision, 
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Fig. 3. (a) The Raman spectrum of the C— N stretching region of a liquid ammonia solution of 
I1a12CN at 293K, and (b) the second derivative spectrum of 3(a). (c) A section (2068 to 
2052cm_ 1) of the Raman spectrum of the C—N stretching region of a liquid ammonia solution 
of Na' 2CN at 293 K. and (d) the second derivative spectrum of 3(c) indicating the positions of 
bandsC and E. and the asymmetry in bandE (e)A section (2050-2026cin ) of the Raman 
spectrum of the C—N stretching region of a liquid ammonia solution of Na' 3CN at 293 K, and 
(/) the second derivative spectrum of 3(e) showing the positions of bands A and B 
have been made possible by a recent adaptation of our Coderg RSIOO 
Raman spectrometer to incorporate a spectrum multiscanning and co-addi-
tion facility; spectra with considerably improved signal/noise ratios can now 
be obtained in digitised form. 
When processed by our new smoothing and differentiation procedure [15] 
these spectral data provide second derivative spectra which can define the 
band maxima to wavenumber values corresponding to single steps on the 
spectrometer stepping motor. Because there are eight steps per wavenumber 
the band maxima (some examples are shown in Fig. 3) can be defined to 
±0.125cm 1 as follows: Na 13CN-2016.1(E), 2023.0(C), 2033.0(B) and 
2041.6(A) cm t ; Na' 2 CN-2058.4(E), 2065.2(C), 2076.0(B) and 
2083.6 (A) cm'. 
The value of good quality spectra is demonstrated clearly in this analysis. 
Such precision in the determination of band positions would be unattainable 
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both from the simple use of the spectrum profiles and from our computer-
assisted band resolution procedure [8]. At its best the latter gives a band 
position for B to the order of ± 3 cm ' but the second derivative method can 
define this band, mainly hidden beneath a slowly rising profile, to the 
precision indicated above, as seen in Figs. 3(e) and (f). 
It is also from the second derivative spectra that we obtain a justification 
for the inclusion of band D in the spectra of NaCN solutions. From Fig. I it 
can be seen that there are bands, labelled D, which appear as shoulders on the 
high frequency side of the free anion band E in the spectra of solutions of 
LiCN, Be(CN) 2 and AI(CN) 3 . In the case of LiCN it is possible to resolve this 
at 2062(D)cm 1 for the following reasons: (a) it has a greater relative 
intensity than the corresponding band in the NaCN solution spectrum, (b) 
the separation of C from E is greater than in the NaCN solution spectrum, 
and (c) it is itself further separated from E than in the NaCN case. (In the 
LiCN solution spectrum bands D and E are at about the lower separation 
limit for satisfactory resolution by computer-assisted band resolution 
without serious band parameter correlation problems.) 
The best possible data from the co-addition of 17 spectrum scans between 
2052 and 2068 cm in the NaCN solution spectrum for the molar ratio 
NH3/CN, R = 104 were used in the smoothing and differentiation routine. 
Second derivative spectra, from two consecutive single passes of a first 
derivative function through the smoothed data, give the result in Fig. 3(d). 
aose examination of this indicates that the 2058 (E) cm -' band is distinctly 
asymmetric. The area on the high frequency side of the peak maximum is 
greater than the area on the low frequency side of the band maximum 
pointing to the existence of, at least, one band at —2059 ± 1 cm 1 . Although 
this band is far too close to E to be identified satisfactorily from computer-
assisted band resolution alone it lies in precisely the position we originally 
suggested band D should be fitted [2]. 
We propose to assign band D to a 1: 1 solvent-shared ion-pair (or an 
"outer-sphere" complex). This is one of two feasible alternative assignments. 
The other assignment to ion triplets, of either the M ... CN ... M or the 
CN - ... M + ... NC - arrangement must be discounted because of the very 
small difference in frequency between bands D and E. Only a small frequency 
shift would be expected for a solvent-shared ion-p3ir band. The closer the 
counter anions are together (or the smaller the cation) the greater will be the 
frequency shift because of the greater perturbation of the C — N stretching 
frequency resulting from the electric field of the cation. Accordingly, the 
interposition of an NH 3 molecule between cation and anion will result in a 
substantially smaller frequency shift than for a contact 1: 1 ion-pair. 
The relative shift of D from LiCN -. NaCN - KCN follows the same 
pattern as the shifts observed for the I : I contact ion-pair bands B and C. It 
decreases from —4cm - for Li (NH 3)CN - to - I cm for 
Na(NH 3)CN to become immeasurable for the K(NH 3)CN species. 
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Fig. 4. The C.— S stretching region of the Raman spectra of alkaline earth metal thiocynates in 
liquid ammonia at 293 K showing their resolution into 3 or 4 bands 
The changes of relative intensities of the bands B and C with E show that 
the stability of 1: 1 contact ion-pairs increases as Li'. . . NC < 
Na . . . NC < K . . NC. This is entirely consistent with the changes in 
solvation energy for these three cations in which 4G,1. is in the order Li 
> Na> K [16]. The high solubilities of simple lithium salts in liquid 
ammonia, and in may cases their formation of Divers' solutions [17], is a 
pointer towards the formation of a highly stable solvation sphere around the 
Li cation. Assuming that the solvation energy of the anion is constant in the 
series Li -' K, the distribution of ion-paired species within these simple 
electrolyte solutions should be considered as a simple competitive process 
governed by the difference between the solvation energy of the cation and the 
energy of ligation of the cation by anion. Thus the equilibrium between a 1: 1 
contact ion-pair (or inner-sphere complex), a 1: 1 solvent-separated ion-pair 
(or outer-sphere complex) and free solvated anions and cations can be 
depicted as, 
[M(NH 3)X] + L 
[(NH 3) 	... LJ + NH 3 —[(NH3)_ I M(NH 3)LI 
inner-sphere complex 	outer-sphere complex 
Support for this description is ob 	d from the spectra of Be(CN) 2 and 
AI(CN) 3  solutions in which both cattoils are excellent solvators. Here the 
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high proportion of solvent-shared ion-pairs expected in their solutions is 
substantiated by large contributions of band D to their spectra. 
The assignment of a band very close to that of the free anion frequency, 
and on its high frequency side, is not unique to the spectra of cyanide salt 
solutions as illustrated in Fig. 4 by the spectra of the alkaline earth 
thiocyanates in liquid ammonia. With the decrease in ionic size from Ba 2 + to 
Mg2  + an increase in solvation energy is to be expected with a corresponding 
increase in the formation of solvent-shared ion-pairs. Because of the 
increasing electric field the perturbation of the band frequency resulting from 
these species would also be expected to increase from Ba 2 + to Mg2 This 
effect is demonstrated in Fig. 4 in which the bands marked C and D 
correspond to the C-S stretching frequencies of the free solvated SCN 
anion, and the bands marked A and B correspond to 1: 1 contact ion-pairs 
and 1: 1 solvent-shared ion-pairs. 
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ABSTRACT 
A cell and solution handling system is described 
which enables infrared spectra to be obtained for 
solutions in liquid ammonia, or other condensed gases, at 
pressures in excess of atmospheric at ambient temperature. 
Its use, together with a ratio-recrding spectrometer, in 
obtaining quantitative spectroscopic data from dilute 
solutions of sodium thiocyanate in liquid ammonia by 
computer subtractions of solution and solvent spectra is 
illustrated. The applicability of the procedure to high 
quality determinations of the concentrations of dissolved 
solutes is demonstrated. 
INTRODUCTION 
Our spectroscopic studies of liquid ammonia solutions 
fall into two main areas; (i) ion-association in 1:1, 2:1 and 
3:1 electrolyte solutions, and (ii) complexation between 
cations such asAg, Hg, Pd, etc., and ligands such 
as CN and SCN- . Analyses of more than 1500 Raman 
spectra of ammonia solutions has convinced us that 
vibrational spectroscopy is a powerful technique for the 
study of both ion-pairing and metal-ligand 
complexation._- 	Because it is possible to identify 
species in solution by the assignment of specific component 
bands in a solute spectrum, it has now become our objective 
to quantify the equilibria observed in ion-pairing and 
inetal-Ligand interactions. This demands the solute spectra 
to be of the highest possible photometric quality. 
We have used the Raman method extensively, but 
infrared spectra of ammonia solutions were not reported by us 
until recently.tL It is unnecessary here to give 
spectroscopic arguments in favour of acquiring complementary 
vibrational spectra. However, there are two practical 
advantages to be obtained from the infrared spectra of 
ammonia solutions. Raman spectroscopy has restricted our 
work to colourless solutions, and only qualitative (at best 
semi-quantitative) data are available because of the single 
beam arrangement of Raman instruments. The infrared technique 
imposes neither of these restrictions. 
Infrared spectra of solutions in the same cell in the 
iflC spectrometer beam can be subtracted quantitatively. 
Prcvtcjus IiteratLire reports of .infrared spectra of ammonia 
aol ut i ona are scant and the .appir atus used 	'- 
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unsuitable for quantitative work. Because equipment was 
unavailable commercially we have designed and built an 
appropriate cell system. The major practical problem is the 
handling and containment of ammonia solutions of accurately 
known concentrations at moderately high pressures, e.g. , 
20atmos. at ca.300K. 
We use a ratio-recording (RR) double beam spectrometer 
(a Pye-Unicam SP3-300) with high photometric accuracyOD 
10.001) and resolution(0.25cm -1 to 0.5cm 1 ). This is 
linked, through a Pye-Unicam SP3-50 Interf ace, to a 
microcomputer (Hewlett Packard 9845A) which controls, (i) 
operator-chosen scanning conditions, (ii) digital data 
collection and storage and, (iii) coaddition of successive 
scans. The RR spectrometer offers a distinct advantage over 
the currently popular FT-IR instruments because it has far 
better spectroscopic resolution characteristics (which are 
required for this solution work) than much more expensive 
i nterferometers. 
The RR spectrometer is used as a quasi-single beam 
instrument. The solute spectrum is obtained by subtraction 
of a computer-stored solvent spectrum from that of the 
solution spectrum (both referenced to dry air and obtained 
with identical spectrometer scanning conditions). The 
advantage of this arrangement is that the continuous spectrum 
updating, during multiple scanning, can be monitored and 
assessed by the operator. Digital solvent spectrum 
subtraction also eliminates the use of the clumsy 
variable-pathlength solvent compensation cell required with 
optical-null instruments. 
Sample overheating due to long exposure to the 
infrared beam has been successfully overcome by the use of 
narrow band-pass heat filters to eliminate all radiation 
except the wavenumber range required. Hence the only 
disadvantage with the dispersive instrument is the time 
needed to obtain the set number of coadded scans. 
Although desirable, it has not yet been practicable 
to study the infrared spectra of an ammonia solution at 
different temperatures. Thermostatting the solution layer in 
the light beam is a problem because the windows and the body 
of the cell are both good insulators. Also the different 
expansion coefficients of the materials used cause leaks if 
the temperature is changeth Thus infrared spectra of ammonia 
solutions of high quantitative accuracy are now available to 
us but there remains the limitation that the spectra remain 
restricted to a single temperature. 
Flateri als. 
A high grade stainless steel was used for the body of 
the prototype cell not unlike that built by Noack' 	for 
measurement of infrared spectra of liquids at ca.200 atmos. 
Stainless steel is chemically resistant to liquid ammonia 
solutions such as nitrates and halides etc. 	L1)  However, 
a band due to CFe(CN)], observed in the spectrum of an 
ammonia solution of NaCN, indicated leaching of iron. 
Accordingly, steel (and other transition metals) was 
abandoned. 
Early eporiments with the steel call helped in the 
choice of O'-ring and gasket materials, 	rho spectra of 
I i riii U mmoni a in contact with many rubbers and synthotitz  
materials contained a band at ca.20cm 	ttributabje to 
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component/s leached from the rubbers. Although much harder 
we have found that PTFE, when machined and sized precisely, 
is sufficiently deformable to be used as O'-rings and thin 
gaskets which can withstand the pressures of the cell. PTFE 
is also used to isolate the working parts of the stainless 
steel valves from the solution. 
A hard easily machined chemically inert thermoplastic 
is required for the cell body. Although unaffected by salt 
solutions in ammonia PTFE is toosoft and deforms slightly 
under stress. Deformation of the body causes leakage and 
uncertainty in the dimensions. Hence PTFE is unsuitable as 
bulk material for a device designed to withstand pressures 
above atmospheric.. Polychlorotrifluoroethylene(pTCFE), 
marketed as Kel-F by MMM Company, although expensive, is a 
hard chemically resistant and easily machined thermoplastic 
which has not deformed or deteriorated during two years' use. 
The Cell. 
The photograph in Fig.1(a) is of the latest version of 
the cell whose operational principle is the same as that of 
its predecessor (Fig.1(b)). Both models are in regular use.. 
In the later version the two liquid reservoirs are 
incorporated into the Kel-F block, and a self-sealing valve 
has been introduced at the solution entry point. With the 
smaller number of valves the possibility of leaks has been 
reduced. 
The cell consists of a cylindrical chamber in which 
the sample solution is compressed between the CaF2 windows, 
A1 and A2 . These are held apart at the required spacing 
by two half-annular PTFE spacers B cut to allow the liquid to 
pass through the space between them (Fig.2(c)). The window 
assembly is held firmly in place by the application of 
pressure, greater than that exerted by the liquid ammonia at 
40C, through the spring-loaded Kel-F piston C. 	Piston C 
is divided into two sections linked by six compression 
springs. Pressure is applied by screwing the knurled steel 
ring 0 hand-tight to the front of the cell block E. Seals 
between window A1 and cell block E, and window A2 and 
piston C, are effected by PTFE '0' rings mounted both in the 
block and on the leading face of piston C respectively. 
Another 'O ring close to the leading corner of the piston, 
and in its circumference, forms the seal against the cylinder 
wall. The windows, are machined to a close tolerance (20.0 
10.1mm. diameter, 4.0 ±0.1mm thickness), to be a sliding fit 
in the cylinder under their own weight. 
The aperture of the cell unit is only 8mm diameter. 
This is smaller than the height of the light beam (12mm.) in 
the spectrometer's focal plane. Attempts to accommodate the 
whole of the infrared beam resulted in the original steel 
assembly containing a 35mm. diameter piston. To contain 
ammonia solutions an applied piston pressure of 
ca.20-25Kg/cm is needed; tantamount to loading the 35mm. 
windows with 200-250Kg. 	With a window diameter of 20mm this 
loading is reduced to 60-80Kg. There was an unacceptable 
window breakage rate with 35mm windows but we have had 
relatively -few cracked windows with the smaller cell. The 
smaller window size is a compr-omise because, even with the 
cell optimally positioned, ca.50% of the infrared intensity 
is last to the sample because of the masking of the beam from 
the sample by the apparatus. This intensity loss would be 
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unacceptable with a null-point spectrometer which would 
require a compensating cell and attenuating combs to obtain a 
spectrum of much poorer S/N quality. In this respect the RR 
instrument is used greatly to advantage. 
Solutions are loaded into reservoir G of the cell 
through filler point F. Sight-slots coincident with, and the 
same length as, reservoirs 6 and H have been cut into both 
the back and front faces of the block; the liquid menisci are 
clearly visible with a wall thickness of 2mm; 
Under the entry at F the self-sealing valve T is 
screwed into the port on the top of the cell block. This 
valve consists of a small PTFE needle located in the Kel-F 
seating F by a thin saucer-shaped Kel-F spring disc. It 
isolates the interior and external atmospheres when ammonia 
is present in G. 
With valves J and K open liquid can be transferred 
along the 1mm. pipeways of the block (dotted lines, Fig.2) to 
convey the liquid from reservoir 6, through the gap between 
the PTFE annular spacers B (filling the cavity between the 
CaFm windows) , to chamber H. Transfer of liquid is 
effected by setting the temperature of the liquid in 6 higher 
than that in H (ca.1'C) so that the pressure in 6 is higher 
than in H. This is achieved either by directing a jet of 
warm dry air on to the sight-slot adjacent to chamber 6, or 
by cooling the liquid in H by cracking open valve L 
momentarily to evaporate a small volume of solvent. 
Removal of liquid from the cell is effected by 
transfering all the solution to chamber H. The contents can 
then be discharged through valve L directly into an external 
receiver. 
The Filler Assembly. 
Liquid ammonia is condensed on to previously weighed 
samples of salt or mixtures in a graduated heavy-walled glass 
tube M(Fig.3). This tube mates with the Kel-F head P which 
contains needle valve N. Union P accomodates either, (i) •a 
coned adaptor S which fits the outlet of the ammonia 
distillation line or, (ii) the screwed thread at the entry R 
on the cell block. The Kel-F flange under the steel knurled 
ring V is held tightly against either S or R when V is 
screwed hand-tight. The joints, sealed with PTFE 'O'rings; 
are drawn together by triply-split washers (mounted in a 
recess and secured by a circlip) in the knurled steel rings U 
and V. 
To condense ammonia into the graduated tube M the head 
P is first connected to the ammonia gas line through adaptor 
S. M is then evacuated with N open. Next, with N closed, M 
is cooled to -80C, and with N open again, the required 
volume of liquid ammonia is condensed (5cm takes ca.5min). 
Finally N is closed and the filled tube removed from the 
cooling bath. The tube M, protected with a steel guard 
(slotted to enable the volume to be read) located on U, and 
its contents are allowed to attain ambient temperature (about 
30mm) before determination of the concentration (ca.l in 
2230). 
When the sample has attained ambient temperature a 
micropore filter unit X(6mm.diameter) is fitted into a recess 
on the cell side of the exit of block P. The filter consists 
of a porous PTFE filter pad, Y, (O.Sum.pores) mounted tightly 
between two interlocking Kel-F plates each of which contains 
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six 1.0mm holes. With this assembly screwed hand-tight to 
the cell block the filter pad seals under compression between 
R and P. All solutions, passing from the graduated tube M 
into chamber 6 are filtered. During solution transfer the 
self-sealing valve T will be open, but will close under the 
pressure of ammonia in reservoir G if the filler assembly on 
P is removed from the cell. 
It is important to note that any attempt to fill the 
space between the CaFm windows with liquid ammonia 
solutions more than 10C below ambient always results in 
the breakage of the windows. 
The calibrated tubes are designed to condense and 
measure 4-5ml of solution. After a spectrum has been 
measured the cell is washed with copious amounts of pure 
ammonia. Washing is continued until the solvent spectrum 
shows no contamination by the solute. A tube of 25ml 
capacity is used. 
Solvent spectral 'windows'. 
When a film of liquid ammonia is irradiated in a 
spectrometer beam considerable energy is absorbed, as 
indicated by Fig.4. There is energy absorption through the 
whole spectrometer range (4000 - 200cm 1 ) and beyond, but 
it is particularly high between 3500_3100cm 1 and below 
2000cm 1 . It is because two spectral 'windows' of lower 
energy absorption by the solvent occur (26001700cm ._ 1 and 
1500-1200cm 1 ) that we can study bands in the solute 
spectra which appear in them. We are fortunate that the 
vibrations of many ions and ligands fall in these frequency 
limits. In the larger 'window' an absorbance of 0.3-0.4 for 
the solvent background at the v(CN).. aa frequency, 
ca.2060cm 1 , is typical for a 50pni pathlength. Whilst the 
situation appears to be worse in the vs(NO) stretching 
region (ca.1400cm) where the absorbance of the solvent 
background approaches 1.0 at SOpm pathlength, it is still 
possible to obtain good enough data f or quantitative work 
because the photometric accuracy of the RR instrument remains 
high up to a total absorbance of ca.2.0. Thus, when the 
solution concentration and pathlength are well matched to 
give a solute optical density higher than 0.5, solute spectra 
can be achieved (after spectrum subtraction) with S/N ratibs 
of ca.1000:1 and photometric accuracies approaching 1 part in 
500. 
Heat filter 
With no thermostatting facility in the cell, and the 
time taken for multiple scanning to improve signal/noise 
ratios and quantitative accuracy, heat absorption may raise 
the sample temperature. Estimates suggest that, over a 
prolonged period, the sample temperature would settle at 
ca.45C. This is unacceptable for a solution whose 
spectrum, or component intensities, change with temperature, 
as in metal-complex and ion-association equilibria. This 
problem is made insignificant if a narrow/medium band-pass 
multi-dielectric heat filter is introduced into the beam in 
front of the cell (on the source side) to absorb all 
frequencies except the band being surveyed. In the 
quantitative determination of SCN a filter was used to 
eliminate all frequencies except the range measured for the 
CN) 1 band, as shown in Fig.5. Subtractions of solution 
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and solvent spectra for coadded spectra, with and without a 
filter, indicate conclusively that photometric accuracy is 
greatly improved when a filter is used. Subtraction must 
include the spectrum of the filter. 
Analytical Determination of NCS in Liquid Ammonia. 
Solutions of accurately known concentrations of NaSCN 
were introduced into the cell. Using the beam filter spectra 
were measured between 2020cm -1  and 2100cm by 
coaddition of 9 scans ( 3 signal/noise improvement). Data 
were collected at 0.25cm' intervals. The spectrum of pure 
liquid ammonia, recorded with identical conditions, was 
stored. Fig.5 illustrates the spectrum subtraction of a 
solution of 21.9mM NaNCS. Raw data are collected at each 
point along the spectrum in X transmission, but before 
subtraction these are converted into absorbance data. The 
quality of a subtraction is assessed by, (i) the flatness of 
the baseline at the ends of the spectrum and its proximity to 
zero absorbance and, (ii) the resultant signal/noise ratio 
relative to the maximum signal of the subtracted spectrum. 
Subtraction of the solvent spectrum from the solution 
spectrum is like a coaddition. I-f spectra of maximum signal 
S= and Si, and equal noise levels N, are subtracted the 
resultant S/N ratio is (S-S)/(N/J, an improvement of 
in the S/N ratio of the solute spectrum. To obtain 
optimal data the same number of coadded scans should be 
recorded for both solvent and solution spectra. 
In the case illustrated the spectrum subtraction and 
the resultant S/N ratio was good: assessed against the 
absorbance due to the NCS- at 21.9mM S/N >250. Fig.6 
shows the plot of the maximum absorbances of the spectra of a 
series of NaSCN solutions plotted against concentration. The 
high quality of the results from the subtraction process, 
indicated by the adherance to the Beer-Lambep-t law and the 
near perfect extrapolation through the origin,can.fjr5 the 
efficacy of the method. This plot is evidence that our cell, 
together with computerised data collection and spectrum 
subtraction can be used for the direct quantittjv 
determination of NCS in ammonia solutions; for 
Y(CN)rsc, Em..i84.3 ± 0.5 mmol1(843M_1cm_1). 
Clearly the technique is applicable to other species, 
such as CN, NO - , N, NO 2 -  etc. , which have 
bands in the solvent's spectral 'windows'; and similarly for 
other solvent-solute systems. 
Our program TREAT contains smoothing and derivative 
convolution routjnesC11 to aid identification of 
underlying components of a spectrum. When applied to the 
feature at 2060cm 1 f or NaSCN solutions below 100mM both 
the band and its second derivative are found to be highly 
symmetric. The underlying components of the v(CS) stretching 
region of the Raman spectra of thiocyanate solution5 at 
concentrations higher than 200mM indicate substantial 
ion-association. However, the symmetric shapes of the 
infrared bands in the y(CN) stretching region provide no 
spectroscopic evidence for contact ion-pairing between Na 
and NCS-  at concentrations below 100mM; the linearity of 
the plot in Fig.6. supports this. When extended to solutions 
of concentrations of 200mM and -above a small deviation from 
linearity occurs which may indicate ion-pairing. 
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CAPTIONS FOR DIAGRAMS 
Figure 1. Photograph of (a) the cell, (b) the previous 
version of the cell, and (c) the apparatus for the 
preparation of solutions. 
Figure 2. Line drawings of the infrared cell: E, Kel-F 
block; A1 and A-a, CaF m plates; B, PTFE spacers; C, 
piston assembly; L,J and K, lever valves with PTFE needles; 
G, storage reservoir for sample solution; H, reservoir for 
spent solution; F and T, self-sealing valve in PTFE(T) and 
Kel-F(F). 
Figure 3. Apparatus for the preparation of solutions: M. 
graduated heavy-walled glass tube; U and V, stainless steel 
knurled screw rings; P, Kel-F block; N, lever valve with 
PTFE needle; X, porous PTFE filter and housing; S, adaptor 
for NH gas supply line 
Figure 4. The spectrum of pure anhydrous liquid ammonia 
between CaF plates at 50j..tm pathlength, illustrating the 
windows' between 2550-1800cm - ' and 1550-1250cm' within 
which the spectra of dissolved solutes can be examined. 
Figure 5. A computer -subtraction of the infrared spectra of 
solutions. 	A. Spectrum of solute (NaSCN); subtraction (C - 
B). B. Spectrum of NaNCS solution (21.9mM) in liquid ammonia 
(heat filter in position). C. Spectrum of pure liquid 
ammonia (heat filter in position). All spectra are 9 coadded 
scans at SOum pathlength through CaF2 plates. 
Figure 6. Plot of CNCS] versus absorbance at the v(CN) 
band maximum (2060cm 1 ) for a series of NaNCS solutions in 
liquid ammonia. Best least squares straight line; 
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Figure 4. Infrared spectrum of pure anhydrous liquid ammonia between CaF 
plates at 50um pathlenth, illustrating the 'windows' between 2550-1800cin 
and. 1550-.1250cui 1 within which the spectra of dissolved solutes can be examined, 
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Figur 5. A computer subtraction of the infrared spectra of 
solutions. A. Spectrum of solute (NaSCN); subtraction 
(C - B). B, Spectrum of NaSCN (21.9Mm) in liquid ammonia 
(heat filter in position). C. Spectrum of pure liquid 
ammonia (heat filter in position). All spectra are 9 












I 	 • 	 I I 
40 
- 	Concentration of NCSImM 
Figure 6. Plot of S9 concentration vs. absorbance at the v(CN) 
band maximum (2060cm ) for a series of NaSCN solutions in liquid 
arinonia.... Best least squares straight line; slope = 
5.2x10, intcrcept = 0.000 j 0.001. 
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Raman Spectroscopic Evidence for the Existence of Cyanide Linkage Isomers; 
Equlibria of Silver Complexes in Liquid Ammoniat 
By PETIR GAN5. J. BERNARD Gn.le and MERVYN GRIFFIN 
(Department of Inorganic and Structural Chemistry, The University, Leeds, LS2 9JT) 
Summary The Raman spectra of liquid ammonia solutions 
of the silver(i) ion in the presence of varying amounts of 
cyanide ion show two polarised bands for each of the 
species 'AgCN,' (Ag(CN),], and [Ag(CN),)'; this is 
iriterpreted as evidence for the presence of cyanide linkage 
isomers, and from temperature variation studies it is 
proposed that 'AgCN' is constituted as [Ag(NH,),(CN)]. 
where y = 2 or 3. 
OUR previous work 5 .' has shown that the silver(i) ion in 
liquid ammonia exhibits a co-ordination number greater 
than two. Because of this, and the effect of the medium, 
the co-ordination chemistry of silver(I) in ammonia is 
expected to be significantly different from that observed in 
aqueous solutions. 
(potassium) cyanide to silver concentration ratio. R. ranges 
from 04 to 10-0 have been obtained. The temperature 
range was 200-293 K and various silver ion concentrations 
were used. From a study of the variation over all the 
spectra, of the resolved band intensities relative to the 
nitrate v1 band as internal standard, we are led to conclude 
that each of the species 'AgCN', [Ag(CN),], and [Ag(CN),)' -
gives rise to two, polansed. Raman-active stretching vibra-
tions. Representative spectra and their resolved features 
are shown in the Figure. 
'AgCN' gives rise to two bands at Ca. 2112 and 2126 cm'. 
(A in the Figure), whose intensities are a maximum at 
R = I. There is no aqueous solution analogue. The 
relative proportion of the low frequency band is greater at 
lower temperatures. The relative intensities of the two 
	
AgCN,233K 	 B 	 A 	 AgCN. 293K 
KAg(CI.02,233K 	 KA9(CN)2. 293K 
A 
AgNO3426XN,233K 	 AgN0342-6KCN. 293K 
C 	
B 	 \I 
B 	 A 	 / 
211.0 	 2120 	 2100cm' 	2140 	 2120 	 2100cm 
FIGUR.E. Rarnan spectra of silver(s) cyano-comp!exes at R = 1, 2. and 26. Intensities are on :an arbitrary scale. Observed 
spectra are solid lines; dotted lines are computer-resolved components. 
We have studied the complex equilibria between silver(i) 
and the cyanide ion and have found extensive solvent effects 
which we interpret as being due both to changed cation 
acceptor power and to changed anion donor power. The 
Raman spectra in liquid ammonia of mixtures in which the 
No reprints available.  
bands are almost concentration independent. This suggests 
that neither band belongs to a self-associated species. 
Also, association of the neutral 'AgCN' grouping with other 
ions is unlikely to produce a separately identifiable band. 
These facts are consistent with an equilibrium between 
linkage isomers (equation (I)). An alternative equilibrium 
(NH,),,Ag-CN 	(NH,),Ag-NC 	 (1) 
(equation (2)) cannot be ruled out but is less likely. We 
	
(NH,),,AgCN st (NH,),A8CN + (y—z)NH, 	(2) 
believe that this is the first evidence for the existence of 
linkage isomers of the cyanide ligand' though it is well 
known that cyanide can bond through both atoms in bridged 
complexes such as AgCN in the solid state. 4 
The {Ag(CN,)] ion gives rise to two, polarised, bands at 
ca. 2142 and 2136cm"' (B in the Figure). whose intensities 
are a maximum at R = 2. In aqueous solution v,,m  15 
observed' at 2139 cm". In view of the very small fre-
quency difference (almost the experimental uncertainty) we 
propose that the same linear 2-co-ordinate species (Ag-
(CN),] - exists in both solvents. A temperature-sensitive 
equilibrium exists between the species responsible for the 
two bands. 
The [Ag(CN),' - ion gives rise to two, polarised, bands at 
ca. 2108 and 2104 cm" (C in the Figure), whose intensities 
increase from zero at R < 2 to an approximately constant 
value at R > 3. In aqueous solution the corresponding 
band is found' at 2105 cm'. Again we propose that the 
same complex anion is present in ammonia and water, this 
time the ion being (Ag(CN),)' -. Its second vibration (i.r.' 
2105 cm- ') would not give a polarised band and thus has 
not been observed. 
We find no evidence for the ion [Ag(CN),]' - or for the 
putative complexes [Ag,(CN),)- or [(NC)Ag(NO,)) in 
ammonia solutions. Linkage isomerism may be responsible 
for the two bands observed in both [Ag(CN),) - and [Ag. 
(CN),]t. though valid alternative hypotheses can be 
proposed for these ions. 
The step-wise equilibria involved in the reactions can be 
presented by equations (3)—(5). 
CN+ ((NH,)Ag);=t (NH,),AgCN + (x—y)NH, K, 	(3) 
CN+ {(NH,),AgCN];-t! (Ag(CN),]' +yNH, 	K, 	(4) 
CN+ [Ag(CN),]s(Ag(CN),)'- 	 K, 	(5) 
We cannot comment on K, since free cyanide ion is not 
J.C.S. CHEM. COMM., 1976 
observable at R <2. As can be seen in the Figure, K. 
decreases sharply with decreasing temperature. Making 
the common assumption that the enthalpy change of 
reaction is temperature-independent, the entropy change of 
reaction (4) must be positive. Only if y is greater than one 
will there be a net increase in the number of particles and a 
large gain of entropy in reaction (4). Hence we propose 
that y is two or three, consistent with x being three or four 
as previously proposed.' K, increases with temperature 
decrease as expected on the basis of analogous arguments 
for reaction (5). 
Thus the equilibria obtaining in liquid ammonia can be 
represented as in the Scheme, 
i 
[cn 
rAc1NH3.r 	 X , 
NjM431 ]  ANC 	CNIAgiCU] 	EjCN1AICNI,J 
Thus in comparing the aqueous and ammonia chemistry 
of silver-cyano Complexes the following points can be made; 
(I) [Ag(CN),]'- is weak in water' (K, < I) but not formed 
in ammonia. (2) In water P
, 
is very large' (Ca. 1021) and 
AgCN is insoluble (K,0 Ca. 10 1 9. In ammonia K. is not 
very large, as shown by the co-existence of species over 
wide range of R. and 'AgCN' is freely soluble. As in the 
case of 'AgI," the latter fact is to be associated with extra 
solvation of the cation, that is y> 1. (3) In ammonia the 
results can be interpreted as supporting the presence of 
linkage isomers, particularly with 'AgCN'. This is un-
expected with silver(i) which normally behaves as a class B' 
(soft') acceptor. However, the presence of two or three 
ammonia ligands would make ((NH,),Ag]+ a somewhat 
'harder' acceptor. We further suggest that the donor 
power of the ligand is affected by its being solvated by 
ammonia, and that this could make N-donation a more 
favourable process for the cyanide ligand. 
Thus, the change of solvent from water to ammonia is 
accompanied not only by the expected change in acceptor 
power of the silver(i) cation, but also by a change in donor 
power of the cyanide anion. 
(Received, 3rd December 1975; Corn. 1347.) 
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Spectrochemlstry of Solutions. Part 12.' Cyano-compl.x of Silver(i) 
In Solution In liquid Ammonia 
By Peter Osns. J. Bernard (110. 1  Msrvyn Griffin, and Pstsr C. Cahill, Department of inorganic and 
Suctursi Chemist,y. The University, Leeds L32 9JT 
Reman spaces of cyano-complexes of &ver(I) In liquid ammonia solution have been interpreted to show th e existence, in .qurnbdurk of the following species: AgCN AgNC, (Ag(CN),J-. [Ag(CN)(NC)J-, [Ag(NC) 1]-, [Ag(CN)J'-, [49,(CP4)]•. (Ag,(CN) 1], [Ag,(CN),J-, (MAg 1(CN),]'- (M Na' or K'). and (MAg(CN),J-
(M - U', Na', or K). The factors affecting the linkag. Isomedw'i, ion sia. adon. ion pairing, and silver corn-plexstlon are discussed. 
IN a preliminary report' we have suggested that the 
silver ion in liquid ammonia forms the cyáno-complexes 
AgCN, [Ag(CN),], and (Ag(CN),]'. Two polarised 
Raman-active CN stretching frequencies were observed 
for each complex, and these were attributed to C- and 
H-bonded linkage isomers. We now report the results of 
a detailed and more extensive study of the Raman 
spectra of silver cyano-complexes in liquid ammonia. 
EXPERIMENTAL 
The chemical and spectroscopic techniques used In this 
work wore similar to those we have used previously.' Each 
series of Raman spectra were obtained from five sets of 
solutions at three temperatures; details of the composition 
of the five seth of solutions are given In the Table The  
from other series we find no evidence for the existence of 
nitrate or perchiorate complexes. In series A to E the 
total silvei concentration was kept approximately constant 
at Rca. 100. All Raman bands were found to be polarised 
unless otherwise stated. The spectra were calibrated by 
reference to neon emission lines. 
Most of the spectra were digitised semi-automatically on 
an intensity scale 0-128 at 1 024 points over a 60 cm' 1 
range. Curve resolution we sp'..t fu. wed with the programs 
FITS' and VIPER' Some spectra were smoothed and 
condensed to 128 points by fitting a parabola to groups of 
eight data points, and these spectr were stored on a Hew-
left-Packard 984S minicomputer. New programs were 
written for this computer in extended BASIC. These 
Include $ piograzn analogous to VIPER, and programs te 
simulate the spectra and their second derivatives. 
Composition of samples used to obtain Raman spectra of silver cyano-complexes in liquid ammonia 
Ag+ Aig+ _____  
Spectrum 
,___A__, 
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14 10.4 	. . 	 14.1 
• At 293 IC. 'At 233 K. • At 203 IC. 'S Moles CNmoles Ag; R moles NHJrnoIrs Ag'. Q Moles alkali-metal cstlonznoIes Ag'. In series A. B. C. and D. Q S and R se 100. In series E. R se 100. In series P. G. and H. Q S - 1. 
composition of each solution is described by the molar ratios 
of the components: SistheratioofCNtoAg'; Risthe 
ratloof NH,toAg'; andQlstheratlOofalkali.metalcatjon 
to Ag'.- The spectra of series A and B were obtained from 
mixtures of Ag[H05] and K(CN].ln liquid ammonia at 293 
and 233 K resp&tively. The spectra of series F. G. and H 
were obtained from solutions of.AgCN or K(Ag(Cl),3 or an 
equimolar mixture of AgCN and K(Ag(CN),] in liquid 
ammonia at 293, 233. and 203 K. Thus, in solutions cor-
responding to spectra F-Ri 1-12. there is no nitrate or 
perchiorate ion.. By comparing these spectra with spectra 
• Both the 1 024 and 128-point data sets were subjected to 
numerical differentiation for the purpose of resolution en-
hancement. We have examined the second derivative of 
most of the spectra, and the fourth derivative of some 
sp,tra. The numerical differentiation was carried out by 
a variety of techniques including a new technique, details 
of which will be given elsewhere,'U that we have developed 
for this chemical problem: the spectra were fitted using a 
linear lesst.sqnazes method by a polynomial spline function 
based on fixed haols. The derivatives were obtained by 
analytical differentiation of the spline function. Various 
P36. 
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schemes for generating, the knots were explored, and for 
each ,,etrum peaks were acceptedin the derivative only if, 
after extensive investigation involving spline functions of 
degree 3. 4. and 5 based on various numbers of knots and 
knot distribution schemes, they appeared consistently and. 
independently of the method of differentiation used 
RESULTS AND ASSIGNMENTS 
approximately equal, and also because its frequency is mid-
way between the frequencies of the other two bands. The 
variation of relative intensity of the three bands with tem-
perature is nicely illustrated in Figure 1. At constant 
(Ag(CN)2I 	IA9(NC)2f 
The Raman spectra of cyano-complexes of silver(i) in 
liquid, ammonia are much more complicated than was at 
first thought. The reason why thlsrcomple*ity was not 
appreciated earlier is that In two regions of the sp&tra (ca. 
2120 and 2 140 cm") there may be up to three bands at 
almost the same wavenumber. The spe.tz& could not be 
analysed by curve resolution alone,' but numerical dii-
ferentistfon was able to revCsl' peaks separatily that were 
too close to be reliably resolved by curve analysis. The 
species 'present In' each solution' were Inferred using an 
approach which cOmbines both te his1ues of curve resolution 
and differentiation with the use of chemical logic. 
Firstly, the condition of mass balanOe Imposes constraints 
on the species' that may bi present In equilibrium, as 
instanced by equations (I) and (2). These constraints apply 
2AgCN 	[Ag(CN),..,]'+ + [Ag(CN),+,]' (I) 
2(Ag(CN),]  
tAff(CN)s+Y'' 	(2) 
directly to mixtures at S br I led Indirectly to other 
mixtures. Secondly, the heights of the peaks corresponding 
to each species must vary as a function of the molar ratios 
Q. R. and S in a manner consistent with shifts in chemical 
equilibria. Thirdly, the number, of bands given by a 
stoichelometric species must be Independent of temperature, 
although the relative Intensity of each band may vary If the 
variation Is consistent with the existence of a temperature-
dependàt eqnilibrlám beten compounds' of the  same 
stoicheiometry. Fourthly, agreement was sought between 
the second derivative of the spectrum and of the resolved 
bands. Where a unique resolution was not possible due to 
bands being too dose together agreemenl was sought with 
the second derivative of a simulatiàn of the spectrum. 
Using these principles, we have arrived at a self-consistent 
interpretation of the 90 or so observed spectra without 
making any arbitrary assumptions, and now present the 
spectra deduced for each chemical species, along with the 
reasoning upon which the assignation was made. 
(Ag(CN),].—Concentrated solutions at S 2 (made, for 
example, by dissolution of K[Ag(CN),]) contain predomin-
antly the ion [Ag(CN),], and their spectra show the pres-
ence of a small amount of (Ag(CN),]' species as a band at 
Ca. 2 104 cm', As the total concentration decreases, this 
band also decreases until in 'dilute' solutionthe only 
species remaining is' [Ag(CN),). . These changes' are con-
sistent with equation (2). s' 1. The spectra F12, G12. 
H12 (solution composition K(Ag(CN),J I mol: NH, 80 mol) 
are therefore close to the spectra' of the (Ag(CN),] ion. 
These spectra and their resolved components are shown In 
Figure 1.' " 
The three components shown In Figure I are assigned to 
the linkage isomerS (Ag(CN),y, (Ag(CN)(NC)] -; and [Ag. 
(NC),) -. The central band at 2 131 cm -a belongs to' the 
mixed isomer, as its intensity is a maximum at the tem-
perature that the Intensities of the other twn bands are 
[AgICNXWJI 
I 	 I 
2140 ' 	2120 
Waver,umber/crrO 
Fiou,.a 1 Raman spectra of the ions (Ag(CN),]- in liquid 
ammonia. (s) At 293, (b) 233, (c) 203 IC 
temperature, the relative intensities are approximately 
constant in the range 2 <S < 3 as is to be expected for 
isomers in equilibrium. Recalibration of the spectra has led 
us to locate the other main band., at 2 139 crn' and 2 124 
cin', and not 2 142 cm' and 2 127 cm'' as before.' 
P36 
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The complex (Ag(CN),] and 1t3 Isomers are the major 
secles present In solutions In the range 0.5 < S < 3.5 at 
293 Kand 1< S < 3at233 K. Qua itatielytheyarethe 
moagest cyano-complexes fornied by silver(z) in liquid 
amma.' 
(Ag(Cl),)' a,sd MAg(CN),] (M U. Na; or K).-
Bands due to these species appear in the ipectra of all 
solutions with S 5. 2 but the appearance of the spectra Is 
dependent upon the nature and conceitratio of the alkali-
metal cations and the assignment is different for each cation. 
With Li the band at 2 116.5 cm' is assigned to the ion pair 
(LiAg(CN)J - and the bands at 2 102 and 2 099 cm' (depot.. 
arised) to the symmetric and antisymnietric vibrations of 
the free ion (Ag(CN),]'. With Na 1 the free (Ag(CN),]' was 
found at 2 102 cm 1, but the ion pair gave a band at 2 108 
cm. The dependence of the intensity.of the ion-pair band 
on the concentration of excess of Na 4 is illustrated in Figure 
2. Throughout the range of Q values investigated both 
/ 
I 	 I 	 I 
21i0 20 
Vö4.riaytsi/a5 4 
Ftauaz 2 Spectra to illustrate the effect of added cation on Ion 
pairing. The composition of the solutions was (a) Na(CN] 2.3 
mol: AgfNO,3 1 roof: NH, 100 root. (6) Na[CN] 2.3 mol: 
Ag[NO) 1 roof: N4C10I] 93 mel: NH, 100 roof 
[NaAg(CN),] and [Ag(CN),]' could be sen in equilibrium 
together.. With K 1 two polarized bands are observed at 
2 104 and 2102 cm. Than is little variation in the overall 
band envelope when S is varied in the range 3< S < 10.4 
at both 293 and 233 K. This suggests that for S > 3 the 
two bands originate from the earns chemical species, namely 
[KAg(CN),], in which the symmetry is low. It folios's that 
ton pairing b..twn K1 and [Ag(CN),]' is essentially com-
plete at S >3. Note that In solutions of series A and B. 
theinolratioQisequaltoS. WhenthemoAratlosSsndQ 
lie in the range 2-3 there là some variation in the overall 
band envelope which Indicates that some Reman intensity 
at 2 102 cm' is due to the free Ion [Ag(CN),]t. 
AgCN.—The complex AgCN Is a weak complex which 
ionises under the experimental conditions used according to 
equation (1). to Ag 4 and (Ag(CN),) (z I). and (Ag,(CN)1 4 
and (Ag,(CN),] (x 0.6). In concentrated solutions it 
also dimerises to (Ag,(CN),). Because of extensive band 
overlap the spectra obtained at S land293Kcouldnot 
be analysed completely. The spectra of AgCN deduced 
from data are shown In Figure S. The two bands observed 
at 2 119 and 1 1065 Cm" are assigned as before to the link-
age isomers A8CN and AgNC. We note that with both 
AgCN and (Ag(CN),) the linkage isomer whose band is at 
lower frequency decreases in relative concentration as the 
temperature increases. 
It is very difficult to estimate the concentration of AgCN 
in a solution because the peak at! 119cm" is heavily over- 
J.C.S. Dalton 
lapped by peaks due to (Ag(CN),] (2 124 cm') and 
[Ag,(CN),]' (2 122 cm'). We conclude that A8CN is 
present in the range 0.5 < S < 2 but that its concentration 
is not large In the range 1.6 < S < 2. The equilibrium (1) 
Is favourable to (Ag(CN),) at 293 K. but only a small pro-
portion of (Ag(CN),] is farmed at 233 and 203 K. 
Ma 
I 	 I 
2120 2100 
Fional 3 Reman spectra of the species AgCN in liquid 
ammonia. (a)  At 293. (6) 233. (c) 203 K 
To Illustrate the complexity of the spectra obtained at 
S oi 1 we show in FIgure 4 the spectrum 32 (solution com-
position Ag[NO,) 1 mol: K[CN) 0.92 mol: NH, 100 root) 
together with its second derivative. Previously the 
spectrum was fitted with three bands, but even the six 
bands used in FIgure 4 cannot represent the structure of the 
..,ectrum adequately as the low-frequency band belonging 
to (Ag(CN),1 is not property represented. However, the 
close similarity of the second derivative of the resolved 
P36 
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spectrum and of the fitting spline function, which extends 
to other spectra obtained from solutions with S os 1. is 
evidence that the spectra contain at least six bands at the 
resolution affotded by the second-derivative spectra. 
[Ag1(CN.—This ion gives a peak at 2 132 cm 1. The 
band is most easily observed at S z 0.5 and 293 K. but the  
971 
assigned to the terminal cyanide vibration. The spectra 
shown in Figure 5 are, within experimental error. in-
dependent of temperature. A peak at Ca. 2 127 cm 1 was 
found in the second derivatives of spectra obtained at 293 K 
and S 1, but these spectra could not be analysed fully, so 
that we infer that some diiner Is present in mixtures at 293 K 
with S 1. but cannot quantify this infer. The con-
centration of dimer fell rapidly as the total silver concen-




I- 	 I 
21W 2120 	 2100 
Woyerijnterftm1 
I 	 I 
2130 2110 
Waveri.tther/cm 
FIGOIZ 5 Raman spectra deduced for the species [Ag,(CNI,]. 
(a) At 233, (6) 203 K 
Fiousa 4 Reman spectrum of a mixture of composition A3CN 
I mci: NH1 mci at 233 K. (a)  Obvd sp.ctrum and 
decomposition Into component bands. (6) Second derivative 
of the spectrum Calculated by adding together the component 
bands.(c) Second derivative of the observed spectrum 
obtained by the spllne function method 
complex is weak since the complexes AgCN and (Ag(CN) 
are the major species present ueder.these conditions. The 
band is not present in spectrum Bi (S 0.42. 233 K). but 
the second derivatives of spectra taken at 233 K with 
S z 1 consistently show a peak which can be assigned to 
[Ag1(CN)]. Unfortunately this band is almost coincident 
with the middle band due to (Ag(CN),] and has a similar 
half-width to that band so that it is difficult to estimate the 
concentration of (Ag 1(CN)J'. 
[Ag1(CN)J.—The spectra shown in Figure 5 were deduced 
for species (Ag,(CN),J by analysis of spectra obtained at 233 
and 203 K. The band at 2127 cm is assigned to the 
bridging cyanide vibration and.the band at 2 113 cm' is 
Is a maximum at S I. it seems clear that the proportion 
of dimer present in a solution increases as the temperature 
Is lowered. though this is in part a natural consequence of 
the shift in equilibrium (1) in favour of AgCN that also 
oceurs. 
(Ag1(CN)J.—The principal evidence for this species is 
iUustrated in Figure 8 which shows the spectra G5—.G8 
(S 1.5, 233 K) together with the second derivatives 
obtained by the spline function method. The derivatives 
show that, at S = 1.5 and 233 K. there is a band at 2 125 
=1 which decreases in intensity as the total solute con-
centration decreases. Careful study of these and other 
derivative spectra have led us to conclude that [Ag 1(CN)13 
has another band at virtually the same wavenumber as that 
of the main [Ag(CN) 1] band (2 139 cm'). We could 
assign that band to the bridging cyanide vibration, and the 
2 125 cm' band to terminal cyanide vibrations. Both 
bands assigned to (Ag,(CN)] are very close to bands due to 
other species, so that the spectra cannot be analysed by 
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Fiousa 6 Raman spectra (upper curves) and second deiivatives 
obtained by the spline function method (lower curves) of 
mixtures whose composition wa AgCN : (KA5(CN) 5): NH1 
l:I:Rat233K. (a)R33,(b)R=4O.(c)R2OO 
differentiated spectra suggests that (Ag,(CN),J' is formed in 
the more concentrated solutions in the range 1 <S < 1.0 
at 238 K. There is faint but clear evidence for the presence 
of [Ag,(CN) 5] at 293 K and S - 1.5. 
[MAg(CN) 1]' (M Na or K).—The presence of this 
species is not established with certainty, but it seems reason-
able to assign a band atca. 2 124 cm' to it. The dependence 
of intensity in this region at S = 2.5 upon the concentration 
of Na* is illustrated in Figure 2 and parallels the intensity 
dependence of the band associated with [NaAg(CN)]. 
This clearly suggests that the band at Ga. 2 124 cm' is due 
to an ion-paired species. There is no evidence in other 
spectra for an ion-paired species M[Ag(CN) 1], and a species 
M.JAg(CN),] seems unlikely in view of the large amount of 
free (Ag(CN) 5]' ion present. Hence by a process of 
elimination, we suggest that the species responsible for the 
band at 2 124 cm' may be [MAg(CN) 1]. Although the 
concentration of this species is never high, it appears to be a 
maximum at S = 2.5 from the scanty evidence available. 
DISCUSSION 
The equilibria amongst cyano-complezes of silver(i) 
that have been found in liquid ammonia are summarised 
in the Scheme, and encompass four different phenomena. 
In the horizontal direction the Scheme shows a change in 
the ratio of cyanide to silver in both mononudear and 
binuclear complexes. Compounds which lie on a 
vertical axis in the Scheme are linkage isomers of each 
othei with the exception of [Ag,(CN),] which is a dizner 
of AgCN. Compounds in the bottom row of the Scheme 
are binuclear complexes formed by joining together a 
pair of mononuclear complexes. Finally, the compound 
[MAg(CN),J is a heterobinuclear complex; or ion pair, 
formed from [Ag(CN),)' and alkali-metal cation. Each 
of the four phenomena will be discussed in turn, 
although they are necessarily inter-related. 
Linkage Isomerism.—We have previously claimed that 
the cyanoargentate complexes AgCN and [Ag(CN),) 
in liquid ammonia solution afforded the first example of 
complexes in which the cyanide ligand bonds to a metal 
ion throUgh either C- or N-donor atoms.' This claim 
has now been more finnly substantiated by the identi- 
ficatioñ Of all three possible isomers of [Ag(CN),). We 
now also know that the silver ion is not unique in forming 
linkagisomers with the cyanide ion; the ions Li, Na', 
and ftJI+  all form C- and N-bonded cyano- 
complexes in liquid ammonia.' In fact, of all the 
cyanide salts so far studied in liquid ammonia, only the 
mercury salts show no evidence of linkage isomerism (at 
293 K)." We have suggested before that anion solv- 
ation plays an important role in determining the co- 
ordination mode of the cyanide ligand.' The C-N 
stretching vibration of the free cyanide ion shifts by some 
20 am" on changing the solvent from water to liquid 
ammonia, which indicates a large change in solvation. 
Probably in aqueous solution there is hydrogen bonding 
to the nitrogen end of CN, such as occurs extensively in 
liquid hydrogen cyanide," as well as to the carbon end. 
In antntonia both interactions are decreased because 
ammonia is less acidic than water, and is a poorer 








tA91(CNI 1 - tAg 1(CN)23 	(Ag,(CN )33 	(MAg(CN),3 
free energy of desolvation required to form both metal 
complexes is less in anunonia than in water. 
The indirect evidence presented below suggests that in 
[Ag(CN), the Ag-CN forms are preferred to the Ag-NC 
forms at 203 K, but at 203 K. the situation is reversed; 
the two forms are of comparable stability in A8CN at 
203 K; With the alkali-metal ions the linkage isomer 
with the lower C-N stretching band, which perhaps cor-
responds to the lower frequency band in the silver com-
plexes, is predominant even at 293 K: Thus the silver 
ion is only a slightly softer accepter than the alkali-metal 
ions, as gauged by its tendency to form Ag-C bonds pre-
ferentially. .. 
We have found no evidence for linkage isomerism in the 
[Ag(CN),]" ion. The two bands attributable to coin-
pounds with a cyanide to silver ratio of 3: 1 are now 
assigned to the species (Ag(CN).J' and [MAg(CN),] as 
discussedbelow; this is probably due to a change in the 
relative strengths of the Ag-C and Ag-N bonds brought 
about by the greater overall charge of the complex. We 
have also been unable to find evidence for linkage iso-
merism in the binuclear complexes, where the terminal 
cyanide groups may obviously bond in either manner, 
but this reflects the experimental difficulty in deducing 
the spectra of these species, and linkage isomerism may 
well be present.. The assignment of linkage isomers can 
be tentatively based upon some indirect evidence. 
Firstly, the wavenumbers of the Rainan bands of the 
ions (Ag(CN),] and (Ag(CN),) 1 •in liquid ammonia, are 
very close indeed to the wavenumbers of the same species 
in aqueous Solufion. 0 From this we can conclude with 
some certainty that the complexes have the same struc-
ture in the two solvents. Now, it is widely assumed that 
cyano-complexes are C-bonded in aqueous solution; 
force constants calculated from "C and "N substituted 
species of [Ag(CN),) gave some support to this assump-
tion." We may.  conclude that the band at 2 139 cnr' 
belongs to the ion [Ag(CN),3, whereas the band at 
2 124 cur' belongs to the ion [Ag(NC),J. Secondly, in 
the boron linkage isomers [BH,(CN)J -  and (BH,(NC)] -
the isomer which gave the broader UB n.m.r. spectrum 
was assigned as N-bonded because of th e quadrupolar 
nature of the "N nucleus, and this isomer gave an i.r. 
band some 110 cur' lower than the C-N stretching band 
due to the C-bonded isomer." A similar n.m.r. based 
assignment for the adduct Me,N-BH 1(CN) showed the 
band due to the N-bonded isomer some 00 cur1 less than 
the band due to the C-bonded isomer." Other evidence 
comes from trimethyisilyl cyanide." The band due to 
the N-bonded isomer was placed 98 cm - ' below the band 
due to the C-bonded isomer, and it shifted by 39 cm7 1 
on "C substitution, whereas the band due to the C-
bonded isomer shifted by49 cu7 1, 
In the boron and silicon cases, then, the C-N stretching 
band of the N-bonded isomer was also found at lower 
frequency than that of the C-bonded isomer, If we 
assign the bands in this way for the silver complexes the 
assignments are consistent with the species present in 
aqueous solution being the C-bonded isomer. 
AgQJios—We have now succeeded in charac-
tensing the aggregated species indicated in the bottom 
row of the Scheme. The aggregates are always minor 
species in ammonia solution and their concentration is 
highest when the concentrations of both precursors are 
high. . This requires in all cases that the overall solute 
concentration be high (R < 100) and at 233 k that the 
composition of the mixture should correspond with that 
of the aggregate. The latter is less true at 293 K since 
there is extensive ionisation of AgCN to Ag and 
[Ag(CN),] -. Thus, at the higher temperature the com-
plex (Ag,(CN),J can be formed by interaction of Ag' and 
[Ag(CN),] -. though that is not indicated on the Scheme. 
The concentration of aggregated species appears to 
increase as the temperature of a solution is decreased, as 
is to be expected on the basis of the unfavourable trans-
lational entropy change on forming one complex from 
two precursors; the unfavourable component of the 





We can assume that there is a bridging cyanide group 
in all the binuctear complexes, in which both the C and N 
atoms are acting as electron-pair donors, as in solid 
silver cyanide." It is probable; therefore, that the com-
plexes [Ag,(CN)] 4, AgCN. [Ag,(CN)] [Ag,(CN),], and 
(Ag(CN),) ire all linear {evidence for [Ag(CN),3 is 
considered below) and that theaggregition process is one 
in which linear chains of silver and cyanide are built up. 
The same process presumably occurs in aqueous solution 
but there the insolubility of the infinite chain compound, 
solid AgCN." prevents the observation of small aggre-
gates. The fact that the cyanide ion can form linear 
bridges is entirely consistent with its ambidentate nature 
in forming linkage isomers. 
There is some evidence that very concentrated solu-
tions of the salt K[Ag(CN),] contain a second species in 
addition to the main one, (Ag(CN),. The spectra 
obtained from mixtures containing 12 moles of solvent 
per mol of K(Ag(CN),], are noticeably different from the 
spectra obtained with more dilute solutions of the same 
salt. The differences are in the relative intensity and 
positions of the bands, and are of such a magnitude as to 
be unlikely to originate in the dissociation of (Ag(CN),1 
to (Ag(CN),J' and something else (the concentration of 
[Ag(CN),]' can be monitored at ca. 2 104 cm 1}. The 
second species may be the dimer of (Ag(CN),], in the 
free or ion-paired state, or it may be the ion pair 
K(Ag(CN),). 
lois Pairing.—The alkali-metal cations have been found 
to form ion pairs with all the cyanoargentate complexes 
of charge 2, but by contrast evidence for the formation 
of ion pairs with the monovalent anion [Ag(CN),] is 
extremely tenuous, as discussed above. We can con-
clude that the interaction between [Ag(CN),j and M 4 in 
ammonia is exceedingly weak. Thus, (Ag(CN),) is only 
the third anion for which Raman spectroscopy has given 
us no clear evidence of ion pairing in liquid ammonia, 
the others being the perchiorate and fluoroborate ions. 
In all three cases the anion is highly symmetrical and the 
negative charge can be equally distributed amongst the 
ligands attached to the central cation. Since the ion 
pairing is largely electrostatic, being a consequence of the 
relatively low dielectric permittivity of the solvent 
medium, a reduction in overall charge by sharing amongst 
ligands would be expected to cause a decrease in the 
amount of ion pairing. With complexes of overall 
charge of two or more the fractional charge on the 
cyanide ligands must be sufficient to make ion pairing 
energetically favourable. We note, however, that the 
ions (Ag(CN),3 and (Au(CN),J were found to associate 
with lithium cations in concentrated aqueous solution." 
The frequencies and intensities of the bands due to the 
ion pairs [MAg(CN),] follow the same pattern that has 
been widely observed for ion pairs in liquid ammonia. 11 
The frequency separation between the free ion and ion-
pair bands decreases in the order Li > Na> K but the 
extent of ion pairing decreases in the reverse order. With 
Li 4 , the extent of ion pairing is small (<10%) and 
approximately independent of S and R; other ion pairs  
involving the lithium cation show a similar slight 
dependence on concentration of excess of alkali-metal 
ion. With Nat the concentration of ion-paired species 
is strongly dependent on both S and Q (S and Q cannot 
be varied altogether independently). With K 4 the ion 
pairing is extensive. 
Moisonudear Complexes.—The only aspect of the step-
wise formation of silver cyano-complexes that we have 
not discussed is the non-formation of the ion [Ag(CN)J. 
In aqueous solution the stepwise formation constant for 
this species is small," K4 = 1, so we need only postulate 
a slight decrease in stability in ammonia relative to 
water. Moreover, the conditions were not as favourable 
for its formation as appears at first sight, because when 
an excess of alkali-metal cyanide is added to a solution 
containing [Ag(CN),J' ions, much of the excess is 
present in the form of alkali-metal ion pairs. MCN, and 
the excess of free cyanide ion is much smaller than the 
stoichejometric excess. 
Struciure.—The spectra of the ion {Ag(CN),] in 
aqueous and ammonia solution both contain a band at 
ca. 2 139 cm' and in both cases a depolarised band was 
observed at ca. 250 cur'. The latter has been assigned 
to the rocking mode of 11, symmetry in the point group 
D5,5  and is highly characteristic of the linear struc-
ture.". We conclude from these observations that the 
same ion is present in both solutions, and that it is linear 
and unsolvated. Some evidence has been presented that 
this ion is the C-bonded isomer. 1' 
The ion [Ag(CN),]' is also likely to have the same 
structure in ammonia and aqueous solutions, since the 
C-N stretching frequency shows a solvent shift of only 
6 cm4. If the structure is the same it follows that this 
ion is also unsolvated. On the other hand the complex 
AgCN is almost certainly solvated in ammonia. It can 
be generally expected that the silver ion would have a 
minimum co-ordination number of two, but we have 
found that in ammonia the co-ordination number is 
greater than two,1 as the band near 370 cm 1 which is 
characteristic of the ion [(H,N)Ag(NH,)]' in aqueous 
solution is not present in spectra of silver salts in 
ammonia.n The spectra of solutions in which AgCN is 
a major component show no Raman intensity near 370 
cm 1, nor any features at lower frequency which could be 
definitely assigned to Ag-N stretching modes. There-
fore we suggest that silver cyanide has the structure 
[Ag(CN)(NH.j,] or (Ag(CN)(NH,),] in ammonia solution. 
Presumably the fonnation of a solvate such as these is 
an important factor in making silver cyanide so much 
more soluble in ammonia than in water. 
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Part 5. 1 —Raman Spectroscopic Study of the Coordination of Silver(i) Ions in Liquid 
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A detailed study of the Raman spectra of mixtures of AgNO, and KSCN in liquid ammonj solution indicates the formation of a weak S-bonded I : I complex between Ag and SCN -. Forma. lion constants (concentration quotients) are 3.1±0.5 and 1.3±0.4 kgmol at 293 and 233K 
respectively. The formation of AgSCN is entropy favoured (iNS = 373 mol' K - ') but entbalpy hindered (H = 8.2 kJ mol- '); the equilibrium 
[Ag(NH3)4]++ SCN- ;;'-- [Ag(NH3)35CNJ + NH 
is proposed on the basis of these results. 
The possible existence of species such as [Ag 2SCN] and [Ag(SCN) 2] - is suggested by some minor spectral features. 
The coordination chemistries of the Ag ion in liquid ammonia and aqueous 
solutions are markedly different. We have shown by .  Raman spectroscopic methods 
that mono-, bis- and tris-cyano complexes are formed with silver(i) in ammonia, 
whereas a tetrakis-complex is also formed in water. 2  A comparison of the relative 
stabilities of the complexes in the two systems was hindered by the insolubility of the 
mono-complex in water, but it was clear that in ammonia the bis-complex is not the 
dominant species that it is in water. We now report the results of a study of the 
complexation of Ag ions by thiocyanate in liquid ammonia. 
EXPERIMENTAL AND RESULTS 
All salts used were recrystallised twice from pure dry liquid ammonia after drying 
in vacuo over phosphoric(v) oxide. Solutions for spectroscopy were prepared by the 
condensation of ammonia from a vacuum line on to the solids in medium-walled 
Pyrex glass tubes (9 mm o.d.). These were sealed under vacuum. 
Transfer of solids into the sample tubes was effected under an atmosphere of dry 
oxygen-free nitrogen and ammonia gas. Concentrations were determined by weighing 
the sample tubes and contents at the appropriate stages of preparation. Spectroscopic 
methods have been described previously. 3  Low temperature spectra were obtained 
using an Oxford Instruments DN704 cryostat. 
A series of solutions was prepared with different concentrations of KSCN and 
AgNO3  in liquid ammonia. To identify the concentrations two ratios have been 
used; S = [SCN]/[Ag+] describes the molecular ratio of SCN -  to Ag ions, and R = [NH 3]/[Ag+J the molecular ratio of solvent ammonia molecules to silver cations. 
In this series of solutions R = 100±10 and S was varied between 0.0 and 5.9. Solutions of KSCN, in which if = [NH 3]/[KSCN] varied from 3.3 to 361, and an 
AgSCN solution, at R = [NH 3]/[AgSCN] = 69, were also prepared. 
t The authors regret that no reprints are available. 
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wavenumber/cm- 1 
FIG. l.—Jllustratjve Raman spectra in (a) and (c) the .4CM) and (Li) and (d) v(CS) frequency regions, showing the resolved components, for a solution of KSCN and a solution of AgSCN in liquid 
ammonia. The resolved '(CS) components marked A and C in (b), at —742 and 729 cm - ', are attributable to different ion-paired species between K and SCM-  ions, and the resolved '(CS) component marked B. at —737 cm - ', is attributable to the "free" solvated SCM -  ion. These coincidewiththebandsmarkedABandCintabjl 








Fin. 2.—The '(CS) frequency region of the Raman spectra of various AgNO 3  + KSCN mixtures in liquid ammonia at (b), (d) and (f) 233 and (a), (c) and (e) 293 K. S = [SCN-J/[A8+J. .R = FNH3J/(Ag+J = 100± 10. The resolved '(CS) components marked A. B and C correspond to the bands marked A. B and C in table 1. The resolved component marked N in this figure is attributable to the v4(N0;) vibration. (a) and (b) S = 0.55; (c) and (d) S = 2.04; (e) and (f) S = 5.91. 
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TLE I .-PARAMFrERS OF RESOLVED COMPONENTS IN THE v(CS) FREQUENCY REGION OF THE 
RAMAN SPECTRA OF LIQUID AMMONIA SOLUTIONS OF AgNO3  + KSCN MIXTURES AT R 
[NH3]/[Ag+] = 100±10. BAND FREQUENCIES AND HALF-WIDTHS QUOTED ARE TO ± 1.0 cm- ' 
AND ERRORS IN THE SCALED BAND INTENSITIES ARE NO GREATER THAN ±1 IN THE LAST SIGNIFI- 
CANT FIGURE SHOWN. S = [SCN]/[Ag+]. 
r(CS) frequcncyjcm- I 	 scaled band intensiiy 
S 	A 	B 	C 	N• A B C 	N 	A 	B 	C 	N F/K 
0.55 742.8 736.9 725.5 708.9 6.6 6.6 33.9 17.4 0.003 0.015 0.016 0.008 293 
1.024 741.6 736.6 726.2 708.2 8.8 5.9 16.9 14.1 0.018 0.022 0.039 0.008 293 
1.55 742.5 736.9 726.7 710.1 7.2 6.6 16.3 31.2 0.023 0.043 0.049 0.008 293 
2.04 742.4 737.0 728.8 709.7 7.5 5.6 18.9 11.7 0.038 0.040 0.066 0.006 293 
2.55 742.0 736.4 727.9 712.6 7.5 6.6 16.1 14.1 0.049 0.059 0.069 0.008 293 
3.04 742.7 737.0 728.8 710.0 7.4 6.2 18.5 15.2 0.065 0.072 0.090 0.008, 293 
5.91 742.5 737.1 732.0 - 8.1 6.1 19.5 - 0.180 0.110 0.171 - 293 
0.55 741.1 738.3 729.8 708.2 7.1 4.8 11.1 11.3 0.009 0.014 0.014 0.008 233 
1.024 741.4 738.5 729.9 708.8 7.2 5.0 11.4 9.9 0.019 0.023 0.020 0.007 233 
2.04 740.8 738.2 730.0 708.6 8.1 4.3 11.3 10.8 0.063 0.030 0.030 0.006 233 
3.04 741.9 738.4 730.5 711.7 7.8 4.8 11.3 11.2 0.087 0.052 0.037 0.008 233 
5.91 742.5 739.1 731.2 709.4 8.1 5.4 9.8 11.0 0.207 0.114 0.054 0.008 233 
G Band N is attributable to 4NO3) 
TARLF 2.-PARAmETERs OF RESOLVED COMPONENTS IN THE v(CN) FREQUENCY REGION OF THE 
RAMAN SPECTRA OF LIQUID AMMONIA SOLUTIONS OF AgNO3  + KSCN MDCURES AT R = 
100±10. BAND FREQUENCIES AND HALF-WIDTHS QUOTED ARE ± 1.0 cm' AND ERRORS IN 
THE BAND INTENSiTY FACTORS ARE NO GREATER THAN ± I IN THE LAST SIGNIFICANT FIGURE 
SHOWN. S = [SCNi/[Ag]. K Is THE CONCENTRATION QUOTIENT CALCULATED USING 
IL = 0.21 AND 0.19 AT 293 AND 233 K RESPECTIVELY. 
frequency/cnn 	 w/cm-1 	 1. 
X/k moII $ 	A 	B 	C 	A 	B 	C 	 A 	B 	C 	K 7/K 
	
0.55 2091 2077 2060 	11.1 16.0 10.9 0.004 0.085 0.093 	(8.2)a 293 
1.02 	2091 2077 2059 9.6 17.4 10.8 	0.004 0.114 0.139 3.4 	293 
1.55 2091 2078 2059 	9.4 16.7 10.9 0.005 0.137 0.226 	2.8 293 
2.04 	2091 2078 2060 9.2 15.1 10.8 	0.008 0.134 0.307 2.3 	293 
3.04 - 2079 2060 	- 16.9 11.1 - 	0.175 0.490 	3.8 293 
5.91 	- 2077 2059 - 17.5 11.1 	- 0.185 0.942 3.1 	293 
0.55 	- 2076 2061 	- 12.4 8.6 	- 	0.046 0.089 	1.8 233 
1.02 - 2076 2062 - 12.3 9.0 - 0.070 0.165 1.4 233 
2.04 	- 2076 2061 	- 12.4 8.6 	- 	0.095 0.340 	1.2 233 
3.04 - 2077 2062 - 12.6 	9.1 - 0.128 0.611 1.5 	233 
5.91 	- 2077 2062 	- 12.4 9.3 	- 	0.131 1.16 	0.9 233 
0.55 	- 2075 2062 	- 11.6 8.6 	- 	0.041 0.094 	- 	213 
2.04 2075 2062 - 12.3 8.7 - 0.041 0.154 - 213 
3.04 	- 2074 2062 	- 12.7 9.1 	- 	0.113 0.557 	- 213 
5.91 - 2074 2061 - 12.6 9.3 - 0.175 1.35 - 213 
a This value was omitted from computation of K. 
For each solution the Raman spectra of the v(CS), v 1 (NO 3- ) and v(CN) regions 
were recorded consecutively using fixed instrumental settings (slitwidths used were 
2, 0.5 and 1 cm- ' respectively) except for the recorder voltage scale, which was chosen 
so as to record bands of a satisfactory height for analysis. It was thus possible to 
calibrate the intensity of the component bands in the v(CN) and r(CS) regions against 
U 
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the v,(NO3- ) band as internal standard. A scaled band inlensif)', I,, was defined as 
follows.: 1, = [(area of resolved band)/(area of v,(NO;) band)] x recorder factor. 
Band areas were determined by a computer-aided curve fitting procedure.' The 
.,(NO;) band at 1044 cm' was found to be Lorentzian and completely symmetrical. 
The absence of any subsidiary features on this band shows that there is no strong 
interaction between the Ag 4  and N01 ions. The v(CN) region was also fitted with 
Lorentziafl bands at 293 and 233 K, but at 213 K a Gauss-Lorentz sum function 
with 25 % Gaussian contribution was found to be more satisfactory. 
Analysis of the v(CS) region indicated that the best "fits" were obtained by use 
of a sum function with -50 % Gaussian contribution. Therefore, band areas in 
this region were computed with a sum function having exactly 50 % Gaussian 
contribution. The intensity ratio of the v,(NO;) band at -1044 cm 1 and the 
v4(NO3) band at -710cm - ' (band N) should remain constant because both bands 
originate from the same ion. The constancy observed in the scaled intensity of 
band N, therefore, provided a confirmatory test of the internal consistency of our 
intensity calibration procedure. 
Some representative spectra are shown in fig. 1 and 2, and data for the resolved 
bands are listed in tables I and 2. 
Features other than v(CN) and v(CS) bands which were observed include the weak 
bands due to c5(NCS) at -480 cnr' and 25(NCS) at -950 cm - '. A broad, polarised 
band was observed at -250 cm', as in silver nitrate solution, 3 and no Ag-SCN 
stretching vibration could be identified. Changes in the spectrum of the solvent 
were minimal, as expected in view of the relatively dilute nature of the solutions used. 
DISCUSSION. 
Both the v(CN) and v(CS) bands of the Raman spectra of pure AgSCN solutions 
in liquid ammonia, illustrated in fig. 1(c) and (d), are resolvable into two polarised 
components at -2078 and 2060 cm - ', and -737 and 727 cm-' respectively. The 
spectra of mixtures of AgNO 3  and KSCN appear to be essentially identical with those 
of AgSCN, except .for the extra bands arising from the KNCS species. The relative 
intensities of the bands at 2078 and 727 cm -1  decrease, and those of the bands at 
2060 and 737 cm - ' increase as the total [SCN -] concentration decreases. This is 
consistent with an assignment of the bands at 2078 and 727 cm - ' to species formed by 
the complexation of Ag by SCN -  ions. The bands at 2060 and 737 cm - ' can then 
be assigned to the v(CN) and the v(CS) vibrations of the "free" thiocyanate ion. 
The shift of v(CS) to lower frequency on complexation is consistent with the presence 
of Ag—S bonding in the [AgSCN] complex. 5  The band marked C in fig. 1(b) occurs 
at a similar frequency to the band ascribed to v(CS) of AgSCN and may similarly be 
ascribed to an S-bonded contact ion-pair of the K ion. 6 A full discussion of the 
spectra of alkali metal thiocyanates will be presented elsewhere. 7 
The stoichiometry of the complex formed can be established unambiguously from 
the trend in I, values for the v(CS) region. The way the appearance of the spectra 
changes with the ratio S is illustrated in fig. 2. As S increases the spectra assume 
more and more the appearance of spectra of pure potassium thiocyanate. The band 
N due to v4(NO3- ) decreases because the molecular ratio [NO;J/[SCN -] decreases 
with increasing S. Band C is a composite of bands from KSCN and AgSCN 
moieties, band B corresponds to the" free " thiocyanate ion and band A to KNCS. 6 
The I, values for these three bands are plotted in fig. 3 as a function of S. 
At S> 1, all three bands increase approximately linearly, as would be expected 
if the main change were an increase in total KSCN concentration. The 1 value of 
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band C rises more rapidly at S < I than at S > I, which is consistent with a large 
initial contribution from the species AgSCN, whose concentration is almost Constant 
above S = I. The converse is true of band A. The I, value of this band rises less 
rapidly below S = I than above that point. This is consistent with the fact that 
thiocyanate ions are coordinating to Ag in preference to K. The fact that the 4 
curves intersect at S = I is also strong evidence that only a I : I complex is being 







0 	2.0 	4.0 	60 
S = [SCNIflAgI 
Fic. 3.—Scaled band intensities of the components of the v(CS) region of the Raman spectra of 
AgNO,+KSCN mixtures in liquid ammonia at 233 K as a function of[SCNi/[Ag]. .R = 100±10. 
The band at 2078 cm- ', due to AgSCN, is well separated from the other band at 
2060 cm- ', which is presumably a composite with contributions from "free" NCS -, 
KNCS and KSCN. Therefore, this band can be used directly to deduce the con-
centration of AgSCN, and hence its concentration quotient K. The slow increase 
of the I value of the 2078 cm' band with increasing [SCNj/[Ag] ratio shows that 
the complex is weak. In fact the I, value continues to increase, and shows no sign 
of approaching the limiting value 'L associated with pure AgSCN, even at S = 5.9. 
Therefore, we have calculated K using a method appropriate to the determination of 
a small formation constant from spectrophotometric data. 8 
A value of 'L  was assumed, and K was calculated from the concentrations and I. 
value corresponding to each value of S. 'L  was then varied in such a way as to 
minimise the standard deviation, a, of the calculated K values. It was shown 
previously 8 that after this minimum, a can be expected first to rise, and then slowly 
to fall to zero as 'L  increases to infinity and K tends to zero. In the present calcula-
tions c showed no minimum, but after a rapid initial decrease a sharp inflection 
occurred followed by a gradual decrease. 'L  was chosen as the value at the inflection 
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jnt. The calculated formation constants are included in table 2. Formation 
constants were not calculated for the data obtained at 213 K because the v(CN) 
bands appear not to be Lorentzian at that temperature. 
Values for 'L  thus obtained were 0.21 at 293 K and 0.19 at 233 K. These values 
are equal within their probable uncertainty, which further confirms the hypothesis as 
formation of a 1: 1 complex. The formation constants, taken as a mean of the 
calculated values, were 3.1 ±0.5 and 1.3±0.4 kg mol at 293 and 233 K respectively. 
Observed and calculated values of I, are given in table 3. Lastly, from K and I,. we 
have calculated that the molal intensity of the v(CN) band of AgSCN is some 25 % 
less than that of the "free" SCN ion. 
TABLE 1-08SERVED AND CALCULATED CONCENTRATIONS AND SCALED BAND 
INTENSITIES. 
CONCENTRATIONS ARE IN mol kg'. 
293 K 
S TAS TICM (AgJ Ji 
0.55 0.5720 0.3 175 0.3968 0.064 0.086 
1.02 0.6511 0.6671 0.3192 0.107 0.114 
1.55 0.6498 1.0086 0.2300 0.135 0.132 
2.04 0.5612 1.1406 0.1690 0.146 0.134 
3.04 0.5990 1.8190 0.1165 0.169 0.175 
5.31 0.4738 2.7389 0.0565 0.184 0.185 
233 K 
I.b. 
0.4541 0.039 0.046 
0.4176 0.068 0.070 
0.2672 0.099 0.095 
0.2095 0.123 0.128 
0.1136 0.144 0.131 
Any attempt to provide definitive values for the stability constants would be 
unconstructive in view of the lack of activity coefficient data in the high and variable 
salt concentrations (activities) used in this study. In the 10_2  to I molal concentration 
region in liquid ammonia solutions the mean molal activity coefficients remain fairly 
constant but at values lower than 0.1. Also, in calculating these constants we have 
assumed that there is no interaction between Ag' and N0 ions, or between K' 
and SCN- ions. These assumptions (the latter is manifestly a poor approximation) 
together with the low activity coefficients would make the calculation of true thermo-
dynamic equilibrium constants unreliable, though itwould be reasonable to expect 
them to be of the order of 10 times greater than the concentration quotients above. 
It is important, however, to recognise that, unlike the strong Ag-CN complex, 2 the 
AgSCN complex is fairly weak in liquid ammonia. 
Using the fact that K increases by a factor of 2.4 from 233 to 293 K, it can be 
argued that the enthalpy change is -p8.2 kJ mol and slightly opposes the complexa-
tion of Ag' by SCN- in an ammonia environment. A small positive entropy term 
of -'37 J mol' K- ' must then make the process favourable. Such a small entropy 
term suggests an equilibrium in which the number of particles does not change. 
Since we have suggested that the Ag' ion is four-coordinate in ammonia, 3 we propose 
that the equilibrium can best be represented by equ (1) 
Ag(NH 3)+SCN -~ Ag(NH 3) 3SCN+NH 3 . 	 (I) 
EVIDENCE FOR OTHER COMPLEXES 
A very weak band at -'2091 cm -1  appears consistently in the resolved spectra 
at 293 K. It is apparent in the spectrum such as that obtained for S = 2.04, illustrated 
in fig. 4, as a small bump on the side of the 2078 cm -1 band. It is.reasonable to 
attribute this band to a bis-complex, [Ag(SCN) 2], as Trainer has reported a v(CN) 
'It must be assumed that both EH and the mean activity coefficients are independent of tempera-
ture. 
2100 	2060 	 2020 
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band at 2094 cm -1 in the infrared spectrum of [Ag(SCN') 2]- in acetone.'° The 
intensity of the 2091 cm - ' band was so low that further investigation was not 
considered worthwhile. 
wavenumber/cm-' 
Fio. 4.—The '.(CN) frequency region of the Raman spectrum of the Ag+KSCN mixture at S = 2.04 
and 293 K. The resolved components marked A, B and C correspond to the bands so labelled in 
table 2. 
The v(CN) region of the mixture with S = 0.55 at 293 K could not be resolved 
satisfactorily, and the calculated stability constant was 8.2, an unreasonable value. 
These facts suggest the formation of another complex, such as [Ag 2(SCN)]+ perhaps, 
but our present evidence is inconclusive. Larsson and Miezis 11, 12 claimed that 
thiocyanato-bridged species are formed at low [SCN -]/[Ag+] ratio in aqueous solution, 
and characterized them with an infrared absorption at 2102 cm -1 . 
A very limited number of accounts of vibrational spectroscopic studies of 
thiocyanato-silver complexes in different solvent media appears in the literature. 
One of these concerns pyridine I ' and another aqueous 13 solutions. Pyridine is an 
N-donor solvent of very high donicity, though somewhat lower than that suggested 
recently for ammonia. 1' 
Using infrared spectroscopy L.arsson and Miezis 11  claimed the existence of the 
species, [Ag(SCN) 2] -, [Ag(SCN)3] 2- and [Ag(SCN) 4] 3-, in pyridine solutions where 
[SCN-] > [Agj, and also the two bridged species, [Ag 2 (SCN) 2] and [Ag2(SCN)]+, 
where [SCN-] < [Ag]. These workers assigned the single band observed at 
—2089 cm to all three mononuclear species and the shoulder at the higher frequency 
of 2102 cm-1  to the bridged species. From intensity calculations on the band at 
2059 cm-1 , assigned to free [SCN], a series of overall stability constants was obtained; 
log $2, 2.55; log $31  4.44; and log fl, 4.49. We find it difficult to agree with their 
assignment of one single r(CN) band to all three mononuclear species especially as 
no resolution of the v(CN) frequency region was attempted. Support for the stability 
constant data was later given in a potentiometric study. 15 
We have obtained a Raman spectrum of AgSCN in pyridine solution. Whilst 
the band positions reported by Larsson and Miezis in the infrared are in good agree-
ment with those found in our Raman spectrum, their reported relative band intensities 
naturally differ markedly from those found in our spectra. Because of the similarity 
of our ammonia and pyridine spectra we believe that the existence of a 1: 1 complex 
at an appreciable concentration level in pyridine solution cannot be entirely ruled out, 
and should have been accounted for in the Larsson and Miezis calculations. 
Kinell and Strandberg have reported 13  a study of the Raman spectra of aqueous 
solutions of ammonium thiocyanato argentate(i) in which they found a single v(CN) 
band, whose frequency appears to depend on the [SCNj/[Ag'J ratio, between the 
limits 2060 and 2160 cm- '. They reported w - 53 cm -1  for this band, which 
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remained unsplit even at narrow spectrometer slitwidths. Such a broad band would 
be impossible to resolve into broad components even if they were separated by as 
much as, say, 40 cm* 
The chemistry of silver thiocyanate in aqueous and ammonia solutions cannot 
be directly compared. In water, the formation constant of AgSCN is unknown 
because of the compound's insolubility. Evidence regarding higher complexes is 
confusing,'6 • 27 and the stoichiometry of the complexes formed has not been confirmed 
by a spectroscopic technique. 
We thank both referees for their perceptive reports. 
'Part 4: P. Gans, J. B. Gill and M. Griffin, J. Amer. C/tern. Soc., 1976, 98, 4661. 
P. Gans, J. B. Gill and M. Griffin, J.C.S. Chem. Comm., 1976, 169. 
P. Cans and J. B. Gill, J.C.S. Dalton, 1976, 779. 
P. Cans and J. B. Gill, App!. Specir., 1977, 31, 451. 
D. M. Adams. Metal-Li.qand and Related Vibrations (Edward Arnold, London, 1967), p. 327. 
6 P. Cans and J. B. Gill, Disc. Faraday Soc., 1977, 64. 
P. Cans, J. B. Gill and M. Griffin, unpublished observations. 
'P. Gans and H. M. N. H. Irving, I. Jnorg. Nuclear C/tern., 1971, 34, 1885. 
° J. Baldwin and J. B. Gill, I. Chem. Soc. A, 1971, 2040; J. Baldwin, J. Evans and J. B. Gill, 
I. Chem. Soc. A, 1971, 3389. 
'°A. Trainer, /. C/tim. phys., 1962, 59, 232. 
"P.. Larsson and A. Miezis, Acta C/tern. Scand., 1968, 22, 3261. 
12 R. Larsson and A. Miezis, Ada C/tern. Scand., 1965, 19, 47. 
"P. KinelI and B. Strandbcrg, Acta C/tern. Scand., 1959, 13, 1607. 
A. 1. Popov, Pure App!. Chem., 1975, 41, 286. 
A. Miens and R. Larsson, Ada C/tern. Scand., 1968, 22, 3293. 
16 L. G. Sillén and A. E. Martell, Stability Constants (Special Publication No. 17, The Chemical 
Society, London, 1964), P. 122. 
"L. G. Sullen and A. B. Martell, Stability Constants (Special Publication No. 25, The Chemical 
Society, London, 1971), p. 65. 
(PAPER 7F232) 
• It is very difflcwt to resolve bands that overlap each other extensively. For example, two 
Lorentzian bands of unit height and width, separated by 0.4 half-widths combine to give an almost 
Lorentzian band height 1.8 and half-width 1.2 units. 
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Spectrochemistry of Solutions. Part 16.1  A Raman Spectroscopic Study of the 
Complexation of Mercury(ll) by Cyanide Ligands in Liquid Ammonia at 293 K 
Graham J. Earl, Peter Gans, and J. Bernard Gill 
Department of Inorganic and Structural Chemistry. The University, Leeds LS2 9.J7* 
The pattern of complexation of Hg(CN) 3 by CN - ligands in liquid ammonia has been examined. 
Steps involve straightforward replacements of NH 3 by CN - on the Hg(CN) 2(NH 3 ) 2 species 
through [Hg(CN) 3( NH 3)] - to [Hg(CN),] 2 with no change in the tetrahedral geometry around 
the Hg" centre. No higher complexes are found. The geometry of complexation differs from that 
observed in both water and methanol solutions where addition of CN converts linear Hg(CN) 2 to 
tetrahedral [Hg(CN) 4]. Band assignments of the symmetric and antisymmetric v(CN) stretching 
vibrations have been made for the complexes as follows: Hg(CN) 2 (NH 3 ) 2. 2 164 (sym). 2 161 
(antisym); [Hg(CN) 3 (NH 3)] -. 2 148 (sym). 2 145 (antisym); [Hg(CN) 4] 2 . 2 139 (sym). 2 134 
cm-' (antisym). 
The Raman and jr. spectra of mercury dicyanide, in the solid 
state and in solution, have been extensively studied. It is now 
well established that the three Raman-active bands due to the 
linear Hg(CN) 2 appear at ca. 2 190 cm' (p) for the totally 
symmetric v 1 (C-N) stretching vibration, Ca. 410 cm- ' (p) for 
the symmetric v 2(Hg-C) stretching vibration, and Ca. 274 ow' 
(dp) for the v,(C-N) vibration. 2 a doubly degenerate bend of 
it1 symmetry. From dilute aqueous 34.6  solutions (a con-
centration of ca. 0.4 mol dm 3 in Hg(CN)2 is reported 2 to be 
attainable) Raman spectra have been recorded with bands at 
2 196(p),414 (p). and 274 cm' (dp). The spectra of 1.2 mol dm' 
solutions in methanol 2 ' contain three bands with the same 
polarisation properties at, or near, the same frequencies. 
The above band attributions are consistent with the existence 
of a simple linear NC-Hg-CN species in both aqueous and 
methanolic solutions. The absence of features in the region 
2 050-2 080 cm' of the spectrum, where a band due to the 
v(C-N) vibration of a free CN - ligand would appear, indicates 
that Hg(CN) 2 is an undissociated molecule in both water and 
methanol. 
Woodward and Owen 2 observed three bands in the Raman 
spectrum of an aqueous solution containing the tetrahedral 
[Hg(CN)4] 2 ion, at 2 148 (p), 342 (p), and 200 cm' (dp). 
Poulet and Mathieu 3 reported that the spectra of both solid 
K2(Hg(CN)4] and the [Hg(CN)j 2 complex in aqueous 
solution contain four bands which coincide at 2 148, 332, 280, 
and 235 cur'; additional bands at 118, 86, and 34 cur' occur 
in the spectrum of the solid compound. These data illustrate the 
significant difference between the spectra of the linear Hg(CN) 2 
and the tetrahedral [Hg(CN) 4] 2 - species. 
More recently the Raman spectra of Hg(CN) 2 and Hg-
(SCN)2 dissolved in liquid ammonia have been studied.' 
Hg(CN) 3 is extremely soluble in ammonia. Thus by application 
of the laser Raman technique to very concentrated solutions 
(Ca. 10 mol dm-3). markedly better spectra were obtained for 
ammonia solutions than had previously been obtained for 
solutions in other solvents. Again the complete absence of 
bands in the region 2 050-2 080 cm' provided firm evidence 
that the Hg(CN) 2 species is also undissociated in liquid 
ammonia solutions. Additional bands at 3 170,1 166, and 342 
cur', not observed in the spectrum of the solvent ammonia. 
were interpreted as indication of direct co-ordination by NH 3 
molecules to the Hg" centre. Thus there is good reason to 
conclude that Hg(CN),(NH 3 ) 2  exists in liquid ammonia as an 
undissociated C,, tetrahedral molecular species. This should 
give six Raman-active bands. Five of these were identified by a  
comparison of the spectra of solutions in NH 3 and ND 3 and 
assignments were made as follows: symmetric C-N stretch at 
2 169 cm' (p). antisymmetric C-N stretch at 2 152 dm' (dpi. 
antisymmetric Hg-N stretch at 518 cm - ' (dp). symmetric 
Hg-C stretch at 374 cur' (p). and symmetric Hg-N stretch at 
342 cur' (p).  It was suggested that the sixth absent Raman-
active band, the antisymmetnc Hg-C stretch. may be such a 
weak feature that it is masked by the stronger symmetric Hg-C 
stretch at 374 cm'. 
Gardiner et aL' did not investigate and report on the effect of 
addition of further CW ligands to Hg(CN) 2 in liquid 
ammonia. This is surprising because the spectra indicate clearly 
that the dicyanomercury(ii) complex in ammonia exists in a 
different geometrical arrangement from that found in aqueous 
and methanol solutions. Accordingly we present the analysis of 
our observations of the Raman spectra obtained from the 
addition oICN ligands to Hg(CN) 2 . 
Experimental 
The chemical and spectroscopic techniques were similar to 
those we have used previously. 9 '° 
All salts were thoroughly dried in VQCUO over P40 10 before 
at least two recrystallisations from pure water-Free liquid 
ammonia. Before use. Hg(CN) 2 was kept in VOCUO over P40 10  
for 24 h at 373 K. KCN and Hg(NO 3 ) 2 were kept in racuo over 
P40 10 for 24 It at 293 K. The ammonia used had been 
previously distilled from a supply of'pure anhydrous ammonia' 
into a reservoir cylinder containing NaNH, to remove the last 
traces of water. 
Solutions were prepared in sealed sample tubes(9-mm outside-
6-mm inside diameter). Each tube (ISO-mm long, with a 
constriction 100-mm above the bottom to facilitate sealing) 
was fitted with a BlO cone and stopper to prevent ingress of 
H 20 and CO 2 during weighing, and to enable attachment to a 
vacuum line through which ammonia gas distilled from the 
reservoir cylinder was supplied. The appropriate quantities of 
KCN and Hg(CN) 2 were placed in the tube to obtain the 
required ligand :cation ratio. This operation was carried out in a 
glove-bag under a flow of dried oxygen-free N 2 gas. The sample 
tube was then evacuated on the gas-line, cooled to 200 K in a 
methanol-solid CO 2 bath, and ammonia gas condensed until a 
solvent:cation ratio (R) of ca. 125:1 was obtained. 
The sample tube, isolated by a nearby tap in the main gas-line 
and cooled in liquid N 3 , was then carefully scaled at its 
constriction and slowly allowed to attain room temperature. 
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Table I. Resolved component band parameters for the v(CN) region of the Raman spectra of solution mixtures of Hg(CN) 3 and KCN in liquid 
ammonia at 293 K (R - 125): the composite band A • Consists of A, + A. 
Band frequency (cm') 	 Half-width (cm') 	 Relative band area I'.) 
S 	A' 	B. 	B. 	C. 	C. 	M 	B. 	B. 	C. 	C. 	A' 	B. 	B. 	C. 	C. 
2.0 2 163.6 2 148.6 - - - 6.0 3.8 - - - 99.0 1.0 - - - 
2.55 2 164.4 2 148.3 2 145.9 - - 6.5 4.8 8.5 - - 35.9 39.9 24.2 
2.76 2 164.6 2 149.3 2 145.1 2 138.8 - 6.5 5.6 7.0 8.0 - 18.1 48.2 28.0 5.6 - 
3.0 2163.4 2 148.1 2144.2 2139.3 - 8.1 5.2 3.1 11.7 - 11.0 58.9 9.0 21.0 
3.2 2 164.7 2 148.9 2 145.2 2 139.7 2 134.1 6.2 5.1 5.2 7.0 7.3 2.2 53.9 5.7 32.6 5.5 
3.46 - 2 149.4 2 146.3 2 139.9 2 133.9 - 5.2 3.7 7.0 5.8 - 37.5 2.0 53.5 7.0 
4.0 - 2 147.7 - 2 139.8 2 134.8 - 8.9 - 5.9 7.4 - 5.8 - 66.3 27.8 
6.1 - - - 2 139.5 2 134.4 -- - - 6.2 7.6 - - - 69.9 30.1 
Weighings made between each addition of salt and liquid 
ammonia determined the composition of the solution 
accurately. 
Spectra were recorded on a Coderg PHO Raman spectro-
meter using concave mirrors at 180 and 270' to the direction of 
the laser beam to improve the signal by collection of some of the 
light dispersed in the opposite direction to the instrument's 
collector lens. The 488 nm line of a Coherent Radiation model 
52 argon-ion laser was used at a rating of I W. Care was taken 
to obtain optimum conditions of spectrometer detector and 
recorder responses, scan rate, and monochromator slit width, to 
achieve maximum signal:noise ratios with minimum spectral 
distortion. Scan rates were I cm' min. Dependingon solution 
concentrations, slit widths were either 0.5 or 1.0 cm- l,  i.e. always 
less than 0.25 of the bandwidth at half-height. w 1 . 
The recorder output was digitised semi-automatically over 
1024 points in a range of 60 cm' starting from 2195. 2 180. or 
2 170 cm - '. Curve resolutions used the programs FITS" and 
VIPER.' 2  Observed vibrational frequencies were calibrated 
against a mercury-emission line from the room lights at 2 178.7 
cm. 
Throughout we use the following terms to express solution 
concentrations and ligand:cation ratios: R = (moles of 
NH 3 )/(moles of Hg) and S = [CN - 
Results and Discussion 
The changes in the Raman spectrum caused by the addition of 
CN ligand to Hg(CN) 2 in liquid ammonia solutions are 
illustrated in Figure I. The band-resolution data obtained from 
our computer-assisted resolution procedure are listed in Table 
I. Relative band positions can be identified to ±0.5cm - '. Thus 
we have identified the following bands (frequencies are relative 
to the mercury emission line at 2 178.7 cm - '): A,, .2 164.1 (p): 
A,, 2 161 (dp): B,, 2 148.6 (p) B,. 2 145.3 (dp): C,. 2 139.5 (p): 
and C,. 2 134.3 cm (dp). 
In the low1requency region of the spectra of Hg(CN) 2 
solutions, our results mainly confirm the data previously 
reported.' We found four bands in a spectrum of a solution of 
R = 8.5. which agree with the assignments already made, listed 
as follows: 368 cm - ' (p1, strong, symmetric Hg-C stretching 
mode: 342 cm' (p1. medium. symmetric Hg-N stretching 
mode: 260 cm' (dpI. weak. Hg-C bending mode: and 245 
cm' (dp). weak shoulder. Hg-N bending mode. The ass,gn-
ment made by Gardiner ci al.' for the band at 518 cm' 
(probably dp) to the Hg-C antisymmetric stretching mode must 
now come into doubt because we find that this very weak band 
is polarised. We also agree with the argument that the band due 
to the symmetric Hg-N stretching mode of the tetrahedrally 
solvated [Hg(NH,),]' * cation [414 (ref. 9). 401 cm' (ref. 13)] 
shifts to lower frequency (342 cm')' when two NH 3 groups 
are replaced by CN - . The observation of an intermediate Hg-N 
Table 2. Resolved component band parameters for the s4CN) region of 
the spectra of solutions of HgiCN) 2(NH 3 )2  in liquid ammonia at 293 K 
Band frequency (cm') Half-width (cm '1 
R A. B. A. 	 B. 
8.5 2 164.6 2 148.2 9.6 10.4 
19.4 2 164.2 2 149.3 7.7 	8.1 
44.7 2 164.0 2 148.3 6.9 6.8 
138.8 2 163.6 2 148.6 6.0 	3.8 
931 2 163.9 - 5.8 
stretching frequency of 352 cm' for the [Hg(NU,),l]' 
species 13  is Consistent with these assignments. 
We also have observed that additional bands, not seen in the 
spectrum of the pure solvent ammonia, but attributable to 
stretching and bending modes of NH 3  co-ordinated to an 
Hg(CN) 2 species appear at 3 170 and I 166 cm'. 
The absence of bands due to free CN - ligand in the region 
2 050-2 080 cm' of the spectrum confirms the proposal that 
mercury(ll) cyanide in liquid ammonia exists mainly as an 
undissociated tetrahedral C, species Hg(CN) 2(NH 3 ) 2 . 
We have also recorded the low-frequency region of a 
spectrum of a solution in ammonia at S = 3.0 and found bands 
at 425(p). 368(p), 342(p), 252 (dp). and 233 cm' (dp). 
Our study principally concerned the observation of the 
changes in the Raman spectrum in the v(CN) stretching region 
for a range of solutions in liquid ammonia at 293 K in which the 
ligand:cation ratio was varied between S = 2.0 and S = 6.0. A 
study of the region between S = 0 and S = 2 was not possible 
because of the thermodynamic instability of the [Hg(CN)] - 
species in ammonia. All attempts to prepare solutions in this 
stoicheiometric range failed. When ammonia is condensed into 
an evacuated tube containing a mixture of Hg(CN), and 
Hg(NO 3 ) 2 at S < 2 violent reaction occurs with evolution of 
gas even at c-a. 215 K. The same result is obtained when 
ammonia gas is condensed on to starting mixtures of Hg(NO,), 
and KCN at S < 2. Thus it must be concluded that the 
monocyano-complex is unstable even at 215 K. Because this 
reaction was violent even on a milligram scale, we decided not to 
pursue experiments in the 0 < S < 2 range. It is possible that it 
involves the formation of the Hg, species together with the 
liberation of cyanogen gas. (CN),. 
All the important changes in the spectrum which relate to the 
stepwise complexation of Hg" occur between 2 125 and 2 170 
cm - '. When S < 4 no bands due to free CN ligand are 
observed between 2050 and 2080 cm'. As S is increased 
above 4. cation-dependent bands appear in this region. When 
the cation is Na - the spectrum characteristic of the equilibria 
between Na . . . CN - ion pairs and 'fre& solvated CM - anions 
is observed. Similarly when the cation is K' the spectrum due to 
K' ... CM - ion pairing occurs." 
8 	
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Wovenumber (cm') 	 Waverumber (cm') 
Figwe I. The effect of added CN - ligand on the vICNI stretching region of the Raman spectra of HgICN), in liquid ammonia at 293 K I R -. 1251, 
The band marked A it a composite comprising the two bands A. + A. 
	
The analysed data for the spectra of various concentrations 	illustrates the polarisation properties of the bands. Excellent 
of solutions at S = 2 are given in Table 2. and the spectrum of fits of this profile to two component bands were obtained using 
the solution at R = 8.5 is shown in Figure 2. which also 	a Lorentz-Gauss sum function with a 20°,. Gaussian contri- 
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2180 	 2164 	 2148 
Wovenumber (cm') 
Ftgwe 2. The v(CN) stretching region of the Raman spectrum of a 
solution of HCN), in liquid ammonia at 293 K. indicating the 
polarisation properties 
bution. We believe that the principal feature, a polarised band 
A,, at 2 164 cm - ' is the band which Gardiner ci aI.B observed in 
their spectrum at 2 169 cm', and which they correctly assigned 
to the symmetric C-N stretching mode of Hg(CN),(NH,),. 
However they incorrectly assigned the band they observed at 
2 152 cnr' as due to the antisymmetnc C-N stretching mode. 
This must be the polarised band B. we observe at 2 148 cm', a 
very weak feature which disappears from the spectrum as the 
concentration of Hg(CN),(NH,), falls to R > 140. and which 
increases rapidly in relative intensity as S is increased from 2 to 
3. Careful polansation measurements indicate that a weak 
depolansed band (A,) occurs at 2 161 cm' (p - 0.75) close to 
the symmetric C-N stretching vibration of HCN)2(NH 3 ) 2 
We attribute this band (A,) to the antisymmetnc C-N 
stretching mode of Hg(CN),(NH,),. Because A. is very weak 
compared with A. and both of these bands are due to the same 
species, it is allowable to combine them into one composite 
band. This aids the band-resolution process for the spectra of 
the solutions between S = 2 and S = 6, first, by reducing the 
number of component bands to be fitted and, second, by 
eliminating resolution problems which may arise from high 
degrees of correlation of band parameters between this closely 
spaced pair of bands" 
It is interesting to note that B. which contributes to 3.7°/, of 
the total spectrum at R = 8.5 reduces to zero at R > 140(Table 
2). This relative band intensity change of B, with concentration 
cannot, in this case, be attributed to some form of ion pairing." 
Any ion-paired species, formed through an ion-dipole inter-
action. would have to be solvent-shared CN - - . - H,N.Hg-
(CN),(NH,), or a solvent-separated species. The perturbation of 
the C-N stretching frequency from 2 164 cnr' could not be as 
great as 16 cm': our observations on solvent-shared ion pairs' 
have indicated very small shifts of the order of I cm - '. Thus we 
attribute the polansed band B. at 2 148 cnr' to the symmetric 
C-N stretching mode of the small concentration of the 3:1 
complex (Hg(CN),(NH,)] - present in equilibrium with the 2:1 
complex Hg(CN),(NH,), in a solution of S = 2. 
The band B. only manifests itself at R < 140, i.e. when the 
solution concentration exceeds 0.4 mol dm 4. If [Hg(CN),] - 
forms in the solution, mass-balance considerations demand that 
the stoicheiometry must be compensated by the presence of a 
species with stoicheiometry S < 2. Two likely possibilities arise: 
equations (I) and (2). Our failure to prepare solutions at S = 
2 Hg(CN), 	[Hg(CN)J' + [Hg(CN),] 	(I) 
3 Hg(CN), 	Hg" + 2 [Hg(CN),] - 	(2) 
because of the apparent thermodynamic instability of the 
[Hg(CN)]' moiety lead us to conclude that in concentrated 
solutions, where R < 20 and S = 2, Hg(CN),(NH J ), is 
dominant, but the solution must also contain Hg'' and [Hg. 
(CN),(NH,)] at low concentrations which are limited by a 
dissociation constant for equation (2) of Kd ,, = [Hg 2 ']-
[Hg(CN), -]'I[Hg(CN),]' < 10 -'. 
A plot of the relative band areas (directly representing the 
relative concentrations of each component species in solution) 
against the stoicheiometric S value of the solution makes the 
attribution of bands to species facile. As S increases above 2 the 
relative band areas of(A, + A,) fall rapidly to less than 10, of 
the total spectrum at S = 3. In this region bands B. and B. 
increase to a maximum as S increases and passes through 3. 
Accordingly we attribute the polarised band B. at 2 148 cm' to 
the symmetric C-N stretching mode, and the much weaker 
depolarised band B. at 2 145 cm' to the antisymmetric 
stretching mode of (Hg(CN),(NH,)]. The polarised band at 
342 cm- ', observed in a solution of S = 3. due to the Hg-N 
stretching vibration is indicative that an NH 3 molecule remains 
co-ordinated to the Hg" metal centre. Bands C. and C. first 
appear at ca. S = 2.75. Their relative intensities increase to 
become ca. 95% of the spectrum at S = 4. At higher S. up to 
S = 6. no further change in the spectrum occurs beyond S = 
4.2. Here the spectrum is a simple two-band system composed 
of the strong polansed band C. at 2139cm - ' and the weaker 
depolarised band C. at 2 134 cm - '. At S = 4.2 the last trace of 
B. disappears and addition of further CN - ligand causes no 
change in the spectrum. Thus the band C. can be attributed to 
the symmetric CN stretching mode, and the band C. to the 
antisyrnmetric stretching mode, of the 4:1 [Hg(CN),]' - 
complex ion. 
It is clear from the spectra that in liquid ammonia cyano-
mercury(tt) complexation occurs, with no change of geometry 
around the metal atom, by straightforward successive replace-
ments of the co-ordinated NH 3 ligands in the tetrahedral 
Hg(CN),(NH,), and [Hg(CN)4NH3)1 - complexes by CN - 
ligands. This is a distinctly different stepwise equilibrium 
situation from that in both water 2 ` and methanol 2 ' where 
both spectroscopic and stability constant data" indicate 
geometry changes between the bis- and tris-cyano-complexes. 
and perhaps between the tris- and teira-cyano-complexes. The 
retention of tetrahedral geometry through the complexation 
steps is consistent with the observation that the Hg' * solvated 
cation contains four tetrahedrally distributed NH 3  groups in its 
primary solvation sphere. 9 " That the solvation energy of Hg 2 ' 
cation in ammonia is high is obvious from the high solubilities 
of HgI,. Hg(SCN),. and Hg(CN), in ammonia. The bonding of 
the co-ordinated ammonias to the Hg" centre must be highly 
enthalpically stabilised. Another manifestation of the strong 
bonding between Hg" and solvating NH 3  molecules occurs in 
the nitrate stretching and bending regions of the Raman spectra 
otsolutions of HNO,), in liquid ammonia. Here there is clear 
indication that a lower degree of contact ion pairing exists than 
would normally be expected from a 2:1 charged system. and 
we believe that in nitrate solutions a solvent-shared ion pair 
Hg' ... NH 3  -.. NO, arrangement will be favoured." 
The complexation of Hg" by CN in ammonia should be 
compared with that of Ag'. The spectra of the cyano-silver(,) 
system shows that 1:1 and 2:1 complexes form easily in 
ammonia when CN -  ligand is added.'° Excess CN - must be 
added to produce an appreciable concentration of the [Ag. 
(CN),]' complex, and there is no evidence for a 4: I complex 
even after the addition of very large excesses of CN - ligand. 
Complexation of the Hg" centre by CN - in the 3:1 and 4:1 
steps is clearly much easier than for Ag' and the stability 
contants for these steps must be significantly larger. The fact 
that we observe all three Hg" complex species simultaneously in 
our spectra leads us to the qualitative conclusion that log K. 
and log K,, will probably be in the range 1-3: K, (dm' mol') = 
J. CHEM. SOC DALTON TRANS. 1985 
[Hg(CN) 3(NH 3 )-J/[HCN)2(NH 3) 2][CN], K4 (dm' mor') = 
[Hg(CN)42-]/[Hg(CNXNH 3)
3
][CN]. The unavailability of 
suitable band-intensity coefficients and the errors of determina-
tion of some of the relative band area would render the results 
of any calculation olthese values useless. However, based on the 
detection limit of uncomplexed CN - ion in our Raman method, 
we can place a lower limit on the stability constant of the 
Hg(CN) 2(NH 3 ) 2 complex of log 02 > 7 {02(dm 6  mot 2 ) = 
(Hg(CN) 2(NH 3 ) 2)/[Hg 2 
The proliferation of complexed species which ours in the 
cyano-silver(i) system, due principally to the presence in the 
equilibria of linkage isomers. e.g. Ag-CN and Ag-NC. has not 
been observed in the Hg" system. Linkage isomerism among the 
cyano-silver(i) complexes was highlighted by the changes 
observed in the spectra when the temperature of the solutions 
was lowered. Similar changes were not apparent when the 
spectra of the cyano-mercury(n) complexes in ammonia at S = 
2 and 3 were observed at 250 K. Thus we conclude from our 
spectra, together with the interpretation of the low-frequency 
region for Hg(CN) 2 solutions by Gardiner ci al e that 
complexation must be entirely of the Hg-CN type. 
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Spectrochemistry of Solutions. Part 14.' Raman and Infrared Spectra 
of Thiocyanatosilver(i) Complexes in Some Non-aqueous Solutions 
9 Petor Gan.. J. Bernard 011l, and (In part) 0. Peter Fearnley, Department of Inorganic and Structural 
'.hemlstry, The University. Leeds I.S2 9J1 
Infrared and Reman spectra have shown that, when Ag is complexed by SCM-, the species present and the 
equilibrium steps involved are solvent specific. In pyndine, comptexation of Ag by SCM - passes through [Ag 1. 
(SCN)]• and AgSCN to [Ag(SCN) 5]-. Only AgSCN and (Ag(SCN),J- have been identified in tetrahydro-
furan, dimethyl suiphoxide, and acetone, and only (Ag(SCN)J- was found in propylene carbonate. Solutions in 
dimethytfomamide and dimethylacetemide at high (SCN-J/(Ag] ratios contain a small proportion of the SCM-
In the bridged complex (Ag 1 (SCN)j-, but in trimethyl phosphate the SCM- is approximately equally distributed 
between (Ag,(SCN),]' and (Ag(SCN) 5J-. The spectra of thiocyanatosilver(i) complexes in hexamethyl-
phosphoramide differ from those of all the othey solutions: no linear (Ag(SCN),]- complex is found and two 
feasible explanations of the spectra are offered. No complex higher than (Ag(SCN),J- occurs in any of these 
solutions. 
OUR work on thiocyanato-complexes of silver(i) in liquid 
ammonia solutions 2 drew to our attention a surprising 
degree of disagreement concerning the number, nature, 
and range of stability of these complexes in other 
solvents. 
Most of the supporting evidence for the existence of 
specific complexes derives from stability-constant data 
obtained from either potentiometric or solubility product 
measurements. In all such cases the identification of a 
complex essentially relies on agreement of experimentally 
determined quantities with those calculated from a 
defined model system. In this way the complex 
fAg(SCN),] has been claimed to be the one with the 
highest ligand to silver ion ratio, in a wide range of 
solvents; t acetone,$ dmf," dma,' hmpa, 4 tetrahydro-
thiophen 1,1-dioxide, nitromethane,' and dmso.t 5 ' 
The existence of (Ag(SCN),J' in pc,' o and in acetamide at 
371 K," has been proposed but the only other claims for 
the tris complex have been for pyridine,' 3 aqueous solu-
tions,'3 and mixtures . of alcohols, acetone, 14 and 
dioxane 15 in water. The complex [Ag(SCN) 4)' has 
been invoked in some cases to explain the data obtained 
from aqueous solutions." 
Evidence for, bridged thiocyanato-complexes in solu-
tion is contradictory. Leden and Nilsson "have claimed 
that a series of complexes with general formula 
(Ag.(SCN)s)(")". where m> 2, occurs in aqueous 
solution when [SCN1T> (Ag 4]T. They even suggested 
that bridged species were present as minor constituents 
of the mixture at high concentrations of SCN'. Al-
though this postulate has gained some support, e.g. the 
proposal of a species of stoicheiometry (Ag,(SCN),]' by 
Gryunner and Yahkhind," it is in marked contrast to the 
suggestion by Larsson and hfiezis Is- 19 that bridged species 
occur in pyridine solutions ouly,when [SCN1T <(Agi. 
The existence of bridged species in dmso solutions has 
also been postulated. 
t Abbreviations used are as follows: dmf, dimethylformamide; 
dma. dirnethylacetamide: hmps. hexamethylphosphoramide; 
dmso. dimethyl suiphoxide;pc. propylene carbonate: thf. 
tetrahydrofuran; tmp. trirnethyl phosphate. 
Because species in solution have characteristic and 
unique vibrational frequencies their presence in a system, 
and the conditions under which they exist, can often be 
established from the Raman andor the i.r. spectra of 
their solutions. To this end we now report the results 
of a Raman and i.r. spectroscopic survey of solutions at 
various (SCN -]T/[Ag+]T = S ratios in pyridine, dmf, 
dmso, dma, acetone, pc, tmp, thf, and hmpa. 
EXPERIMENTAl. 
Solutions were prepared in one of five ways as indicated in 
the concentration columns of the Tables: (I) dissolution of 
AgSCN in a solution of INH 4]ISCN'j: (II) mixing of 
solutions of Ag[ClOJ and (N}1 4J[SCN]; (III) dissolution 
of either AgSCN or [NHJ[Ag(SCN) 5] in the solvent; 
(IV) mixing of solutions of INH 4][Ag(SCN) 1) and Ag[Cl0); 
and (V) mixing of solutions of [NH 4](Ag(SCN),] and NHJ. 
(SCN). 
Sal$s.—AnalaR [NH4](SCN] and Ag[C104] were dried and 
stored in vacuo over P401,. A filtered 0.05 mol dm' 
solution containing K(SCN) (4.5 g) was slowly added to a 
filtered 0.05 mol dm solution containing Ag(NO,) (8.5 g). 
The white precipitate of AgSCN was collected, washed 
with water, ethanol, and dry diethyl ether. The dry 
product was recrystallised from its liquid ammonia solution 
and stored in vacuo over P401 , in the dark. The compound 
AgSCN (5.1 g) was dissolved in [NHJ(SCN) (4.9 g) in water 
(5.1 cm1) to give a clear solution. After evaporation of a 
little water the crystals of (NH 4][Ag(SCN),] were collected 
and stored in vaciio over P501,. AU operations were carried 
out in the dark. Infrared spectra showed all salts to be 
free from H.O. NO,-, and NH,. 
Infrared spectra of all solutions except hmpa were 
recorded at x 10 wavenumber scale expansion on a Perkin-
Elmer 457 spectrometer in a cell with CaP, windows. Cell 
pathlengths varied from 50 to 200 sm depending on solution 
concentration. AU solutions were injected into the cell 
through a Millipore filter. Solvent compensation was 
achieved with an RIIC VlO variable pathlength cell con-
taining pure solvent in the reference beam. Its pathlength 
was adjusted to obtain spectrum baselines which were fiat 
for at least 200 cm" on both sides of the v(CN) stretching 
region. Good compensation was achieved for all solvents 
except thf and hinpa. 
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Rainan spectra were obtained on a Coderg RS 100 spectro-
meter using the 488.0 nm line of a Coherent Radiation Ar 4 
ion laser. Solutions were irradiated in a fluorimeter cell 
(5 x 10 mm) and signal enhancement was achieved by 
multiple light paises. 
Spectra were obtained from solutions over the widest 
possible range of S. In some cases, however, the solubility, 
of the species was a serious limitation; in acetone, trnp, and 
thf completely clear solutions were only achieved when 
S > 8, and in dmf when S > 3.5. 
Analysis of Spectr& —Except for the' spectra of hmpa 
solutions, all spectra were traced on to transparent graph 
paper and good symmetrical bands were fitted under the 
profiles by hand measurement. Estimated band positions. 
intensities (Rasnan). 'and .sbeorbances (Lr.) and widths at 
half-height, mi. are shown in the Tables. . - 
The spectra of the hmpa solutions, obtained on a Unicam 
SP3 300 sp6,tru..eter, .Wte band digitised. converted to 
the abeorbance scale, and analysed by our VIPER pro-
gram 20 on a Hewlett-Packard 9845S minicomputer. 
RESULTS AND DISCUSSION 
To account for the spectra reported in Table I we 
propose the formation of thiocyanatosilver(z) complexes 
according to the following equilibria [the state of solv-
ation of the silver(t) centre has not been accounted for]. 
2Ag" + SCN 	[Ag-SCN-Ag] 	' (1) 
Ag' +SCN.AgSCN 	p, (2) 
2AgSCN 	[Ag-SCN-Ag-SCN] ke (3) 
[Ag-SCN-Ag-SCN] + SCN - — 
	
[NCS-Ag-SCN-Ag-SCN] 	,. (4)- 
AgSCN -4- SCN 	[Ag(SCN) (5) 
Previous reports on the vibrational spectra of thio-
cyanatosilver(i) complexes are limited to acetone, 5 
pyridine,'' ammonia,1 and aqueous solution.'1 Using 
liquid ammonia solutions we were able firmly to assign 
bands at 2 078 cm 1 and 727 cm-I to the (CN) and (CS) 
stretching frequencies of the S-bonded AgSCN complex 
respectively. When the SCN' ligand was in large 
excess in liquid ammonia, i.e., S > 4, the forrnition of a 
very small proportion of the bis complex, [Ag(SCN),]', 
was indicated by a Raman band of low intensity at 
2 094 cm. Using these and previous assignments as a 
guide we, can now assign the bands observed at four 
positions in the '4CN) stretching region. 
A band A observed at 2106±2 cm' (Raman) and 
2 104 ± 2 cm 1 (i.r.) is taken as evidence of a complex 
containing SCN as a bridging ligand. Bands B at 
2093 ± 4 cm 1 (Raman) 'and 2088 ± 4 cm (i.r.) are 
assigned to the symmetric and the asymmetric C-N 
stretching vibrations of the [Ag(SCN),] complex. A 
band C at 2 077 ± 3 cm (Raman) and 2074 ± 4 cm 1 
(i.r.) can be assigned either to the uncharged AgSCN 
complex or to the terminal -SCN group of a bridged 
complex. The free SCN - ligand gives rise to a ban4 D 
at 2 057 ± 3 cnr' (Rarnan) and 2054 j 4 cm 1 (i.r.). 
An additional band at 2 118 cm 4 found in the i.r. 
spectra of hmpa solutions suggests the existence of a  
further complex possibly involving an alternative 
arrangement of bridging -SCN- ligands. Solvent shifts 
all appeared to be comparatively small and can be 
accounted for within the frequency spreads quoted. 
above. 
Because of overlap by splvent bands it was impossible, 
except for the Raznan spectra of the dznf solution, to 
obtain information from the .(CS) stretching region. 
.1yridine.—The Figure shows the manner in which the 
2100 	 2050 
Wm,AJn*er / cm 
The (C-N) stretching region of the Ra.man spectra of pyridine 
solutions containing vanous mixtures of Ag+ and SCN ions. 
(a) S - 0.06, (8) 0.10, (c)  0.22, (d) 0.60, (.) 1.00, (f) 2.00, (g) 3.57, 
(is) 6.14 
Raman spectrum changes with S for pyridine solutions 
and illustrates that all four bands A. B, C. and D are 
observed at various stages of the spectroscopic titration 
of Ag4 with SCN. The i.r. profiles follow essentially 
the same intensity changes. The spectra of solutions 
between S = 0 and 2 are all dominated by band B due to,. 
the (Ag(SCN),)' complex, the only observable band due 
to any complex species at S> 1. Its relative intensity 
is unexpectedly high when S is low; 50% of the total 
spectrum area at S = 0.059. The appearance of band 
D. due to uncomplexed SCN - ligand, is unexpected at 
low S but its presence can be in no doubt because it 
appearsasasmalipeakatca.2059cin -1. AtS<1 
band A. which appears as a well defined shoulder on the 
upper frequency side of B, decreases in relative intensity 
with increasing S and disappears completely at S> 1. 







Band analyses of the (CN) stretching regions of the jr. and Raman spectra (èm 1) of thiocyanatosilver(i) complexes 
. in a number of non-aqueous solutions a 
S (Ag)/mo1 dm' A B C D 
(a) Pyridine 
0.06 0.494 (II) Raman. (32) 2 106 (13) (53) 2 090 (17) (10] 2 078 (?) (5) 2060 (12) 
0.10 0.978 (II) Rainan. (28] 2 106 (15) (61) 2 090 (18) [8] 2078 (') (3) 2 060 (12) 
j.r. (9) 2 104 (16) (881 2 095 (20) ? (3) 2060 (IS) 
0.22 0.448 (11) Ramad (21) 2 105 (14) (71)2 090 (16) [5) 2074 (?) 2 060 (8) 
i.r. 	. (10] 2 106 (12) (84 ) 208.5(18) ? (8) 2060 (18) 
0.50 0.199 (11) Ramãn [II) 2 107 (10) [89J 2 090 (16) 
it. (7) 2 106 (10) (89 2086 (18) 2059 (17) 
0.95 .0.102(11) Raman - (9)2106(10) . (91)2090(15) 
it. (3] 2 104 (III) . 	 . (89) 2 085 (20) (8] 2 058 (20) 
1.00 0.050 (111) Raman (9) 2 105 (10) . (91) 2089 (IS) 
it. (3)2104(11) (91)2 085(20) [6)2057 (20) 
1.98 0.050(11).. Raxnan •. . 	 . (87) 2090 (16) [13) 2058 (IS) 
i.r. [80] 2 085 (25) (40) 2 053 (20) 
2.00 0.028(111) Raman [75) 2090 (16) [25) 2058 (16) 
It 	. (60) 2085 (28) (40] 2 053 (22) 
3.67 0.028 (II) Ranian 	•. . (401 2 090 (15) (80) 2 058 (17) 
I.r. (21 2082 (25) (76) 2053 (28) 
8.14 0.014 (11) Raman [28 2090 (15) (72) 2056 (16) 
j. 	. . . (15) 2082 (26) (85) 2052 (30) 
(b)Drnso 
2.0 0.017 (II) Itaman (79] 2095 (21) [11] 2078 (16) (10] 2056 (18) 
it. [68) 2087 (24) (13] 2070 (20) [19) 2052 (16) 
3.0 	. . 	 0.050 (I) Raman 175 2095 (20) (5] 2074 (10) [20) 2056 (13) 
it. 	. 15212 085 (30) (4] 2 070 (10) [44) 2 055 (24) 
4.1 0.048 (1) R.M.O . 163 2096 (Il) (2) 2075 (14) (35] 2056 (15) 
jr. 	. . [52) 2088 (32) [2] 2 070 (15) (46) 2 OU (25) 
6.0 0.060 (I) Raman (48) 2 094 (16) (52) 2 056 (14) 
l.r. (43) 2064 (33) [3] 2070 (18?) (67) 2052 (30) 
(c)Dins ... 
2.5 0.047(1) . Raman 
it. (25) 2 105 (17) [14] 2088 (20) (14) 2077 (47] 2057 (20) 
3.2 0.647 (I) Raxnan (6) 2 108 (12) (68) 2095 (16) [6) 2077 (12) (20) 2058 (12) 
2 104 (18) [35) 2067(20) (6) 2078 (43] 2058 (23) 
5.4 0.008 (I) Rsrnsn (5) 2 107 (10) (25] 2094 (16) (70) 2058 (12) 
(II) 2 104 (14) (30] 2087 (18) (59) 2058 (18) 
(d) Pc 
2.1 0.015(II) it. 	. [43] 2088 (26) (67] 2 054 (15) 
2.5 0.013 (II) Rainan .. 	 [59] 2 096 (18) (41) 2057 (16) 
3.2 0.011 (U) it. (33] 2 088 (24) [67] 2053 (26) 
4.1 0.049 (1) i.r. [36) 2087 (27) (64) 2 053 (35) 
6.9 0.064 (I), Raman [53] 2 096 (20) (47) 2 055 (18) 
I.r. (42) 2 087 (30) (58) 2 052 (46) 
3.8 0.054 (1) Rmas. [6] 2 109 (9) 	(70] 2 094 (14) [25) 2 068 (10) 
Lr. . 	 •. 	[7] 2 102 (IS) [45] 2088 (25) (48] 2052 (22) 
(/)Tsnp . 	 .. 	 . 
6.1 0.007 (II) Raman (26] 2 105 (16) 	[26] 2 094 (16) (6] 2078 (10) [43) 2060 (16) 
l.r. (26) 2 102 (16) [26] 2087(20) [6] 2 016 (46) 2052 (14) 
(g)Thf 
6.1 0.049 (1) Raman (47] 2 091 (20) (29) 2 016 (20) (24) 2 050 (20) 
(A) Acetone 
6.7 0.030 (1) Raman. (46) 2098 (11) [3) 2060 (10) (51) 2 060 (10) 
it. (47] 2087 (28) (2) 2075 [51] 2 052 (35) 
Relative band intensities (Raman) and absorbances (i.r.) are expressed as percentages of the total for the ..(CN) region in square 
brackets. Band widths at half height, wj. are given in parentheses. 
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increases this shoulder gives way to an inflexion at 
ca. 2 078 cur1 and the band ceases to be observed around 
S = 0.50. Resolution of a band C from the jr. spectra 
was extremely difficult. because of its low intensity, 
although we consider that a small contribution from this 
band ought to be included in the 2 076 cm' region for 
S = 0.10 and 0.22. 
At S> 1 only one complexed species [Ag(SCN),] 
is present in the solution. It is surprising that about 
50% of the total SCN ligand is present in the bis 
complex form at S = 0.06 and it must therefore be 
inferred that this is by far the most stable complex in 
pyridine solutions. However at towS a small proportion 
of uncomplexed ligand exists in solution, and at S = 2, 
when [A(SCN)5] is the only complex present, a rela-
tively high proportion of free SCN still remains in 
equilibrium. It is thus to be inferred that the stability 
constant Pj can, at best, be only moderately large. cf. 
log P%  ca. 11 for aqueous solutions. If, in the absence 
of accurate band intensity data, equal intensity co-
efficients are assumed for the Raman spectra at S = 2.0 
and 3.57 a stoicheiometric formation constant for the 
bis complex. h ca. 4(±2) x 10' mol' dm, is obtained. 
This value is markedly lower than that reported for 
log fl, in most other solvents, e.g. water, 11,22 drnso, 
8.4,' dmf, 12,' though it is of a similar order of mag-
nitude to that obtained by Larsson and Miezis (, = 
20 x 10' mol' dnr') from the potentiometric measure-
ments 12 which followed their i.r. studies." We are, 
however, in disagreement with these workers' inter-
pretation of their spectra. They proposed that the 
broad feature (w& Ca. 30 cm-i) centred at 2 089 cm was 
a composite band• attributable to all three complexes 
AgSCN, (Ag(SCN),]'. and [Ag(SCN),]'. The improved 
resolution obtained in our spectra, particularly in the 
Rarnan, allows us firmly to attribute the Rainan band 
B at Ca. 2 090 cm' to the symmetric C-N stretching 
vibration, and the is. band B at 2 085 cur' to the asym-
metric C-N, stretching vibration, of the (Ag(SCN),J 
complex. A clear indication that '(Ag(SCN),] - is the 
highest complex found in the system is provided by the 
well resolved Ranian spectra obtained when S is raised 
from 2 to 6; both the band position at 2 090 cur' and 
its half-width zv Ca. 15 cur' remain constant. 
The appearance of band C due to AgSCN as a distinct 
feature at low S. albeit at low intensity, adds further 
validity to our interpretation. . From the intensity data 
it is clear that the value of P, must be very low. On the 
other hand there is a considerable degree of formation of 
bridged complex as indicated by the intensity of 
band A at low S and its disappearance from the spectrum 
at S > 1. Accordingly we propose that A is due to the 
bridged complex defined by equation (I). The dimer 
species defined by equation (3) is unlikely. Except for 
the solutions of the lowest S values, in which its form-
ation is least likely, there is no band in the 2 078 cur' 
region which could be attributed to the terminal -SCN 
group. Thus we find ourselves partly in agreement 
with Larason and Miezis" in that band A at Ca. 2 106  
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cur' is due to the bridging -SCN- group in the binuclear 
complex [Ag-SCN-Ag]. 
Dime4hyl Si4hoxide.—Although the insoluble Ag-
SCN was taken up into solution at S = 1.55, solutions 
between S 155 and 2.0 were turbid and unsuitable 
for spectroscopic examination. 
Only three bands, B. C, and D. could be identified at 
S > 2 but their intensity variation pattern with S was 
thesainejntbeRámanasjnthej.r. BandCisseenjnthe 
Raman at S = 2 and 3 as a distinct asymmetry on the 
low-frequency side of the predominant band B and as 
a distinct inflexion at Ca. 2078 cur' at S = 4.12. It 
appears in the i.r..as a shoulder at Ca. 2070 cm-1 at S = 
2.0. No evidence for a feature in the band A region was 
obtained. 
The high relative intensity of band B in the spectra of 
all solutions at 5> 2 indicates that [Ag(SCN),) is the 
principal complex formed but the appearance of band C 
in these spectra indicates that the AgSCN monomers 
may still be present up to S = 6. Whilst previous 
conductimetric, potentiometric,' and solubility' studies 
suggest the presence of (Ag,(SCN)), [Ag,(SCN),), and 
[Ag,(SCN),] in the system we cannot present any 
spectroscopic evidence either to confirm or disprove 
their existence. Their formation at S = 1.5 and below 
cannot be ruled out particularly in view of the high 
solubility of AgSCN at S = 1.5 to 1.6. 
The complexation scheme at 5> 2 in dmso can be 
best represented by the simple equilibrium steps (2) and 
(5). 
Acdose.—The Raman spectrum at S = 6.7 contains 
two sharp well separated bands in the B and D regions. 
Band B is asymmetric and a small contribution, 2-3%, 
can be estimated for band C. Good analytical agree-
ment is found between the Raman and the i.r. spectra. 
Thus at S Ca. 6 the equilibrium mixture consists sub-
stantially of (Ag(SCN),] and free SCN ligand but a 
small proportion of the monomer A8SCN is still present. 
The equilibrium composition appears to be similar to 
that in dmso. 
DimMy1acdmmiie.—Spectra were obtained at S > 2.5 
andbandswrefoundinaflfourregjons AtS=2.5 
the high relative intensity of band A indicates that the 
main constituent complex contains the -SCN- bridging 
group; probably the 3:2 complex (Ag,(SCN),] - species 
of equilibrium step (4). With increasing S the pro -, 
portion of this species decreases with the formation of 
[Ag(SCN),) -. 
Because band C can be attributed either to the mono-
mer AgSCN or to the terminal group of the bridged 
Ag,(SCN),] it is impossible to be certain that AgSCN 
is absent. 
The evidence suggests that the equilibria at 5> 2.5 
consist of the combination of the steps (2), (3). (4), and 
(5) but as S increases steps (2) and (3) cease to be 
observable and step (5) eventually dominates over step 
(4). 
Dimethylformamide.—At S = 3.8 the Raman spec-
trum consists of two sharp polarised solute bands in the 
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v(C-S) stretching region located at Ca. 736 cm-' and ca. 
730 cm 1 both of half-width w, ca. 6 cm 1. These are well 
separated from the nearest solvent band at Ca. 714 cnr' 
which is of approximately equal intensity. The inten-
sity. ratio1,,/17.2. Following the assignments we 
made for thiocyanatosilver(i) complexed. in liquid 
ammonia' we now assign the 736 cm -' band to free 
SCN- ligand and the 730 cm' band to an S-bonded 
complex. There was no evidence for the formation of 
an Ag-N bonded species in 'the spectra.' 2 
In the v(CN) stretching region three bands A. B, and D 
are observed. A small shoulder in the 'region of A on 
the high-frequency side of B indicates hsmàJl proportion 
of bridging -SCN- groups and the absence of band C 
at S = '3.8 indicates little or no .AgSCN. Thus the 
J.C.S. Dalton 
and the terminal group of a bridged species we cannot 
be sure that no AgSCN complex still remains in the 
equilibrium at S = 8. 
An unidentified band of low relative intensity appears 
at ca. 2 152 cm' in the i.r. only. 
Tefrahydrofuran._p,,oth the i.r. and the Raman spectra 
of thf solutions at S = 6.1 are complicated by a feature 
of the solvent spectrum at 2024 cm' (i.r.) and 2030 
cm' (Raman). Resolution of the i.r. spectrum is 
impossible because the whole v(CN) region consists of a 
flat-topped broad band Ca. 100 cm' wide. The Raman 
spectrum is easily resolvable into three sharp bands B. 
C, and D with the solvent feature at 2 030 cm' as a 
shoulder on D. In the absence of band A there is no 
evidence for multinuclear complexation. A surprisingly 
TABLE 2 
äand analyses of the (CN) stretching region of the i.r. speca of the thiocyanatosilver(,) complexes in hmpa• 
S 	(Ag'J/moI dm' Band positions/cm-' 
0.20 0.025 (IV) 	 ,: 	2 114 	•' , 	 2 109 , 	 2080 
	
' 	 ' ' 	 ' ' 005 0.025 (IV)' 	, 	 . 	 " 	 2 118 	'. 	 ' ' 	 2 107 2088 1.00 ' 	 0.025 (H) ' 	 [13] 
1.50 ' 	 ' 	 0.025 (IV) 	[21] 
2 119 (9) ' 
2 119 (10) 
[74] 2 108 (10) 	[13] 2085 (34) 
(62] 2 107 (II) [IS] 2081(28) 
' 2.00 0.025 (lIt) [20] 
2.48 	0.017 (V) ' 	 (IS) 
2116 (10) 	' 
2 116 (11) 	' 
(2) 2 039 (17) (63] 2 102(11) 	[17] 2078 (23) 	(11] 2057 (12) (45) 2 103 (8) 
2.99 0.012 (V) ' 	 (8] 
4.95 	0.006 (V) 	'" 
3 118 (9) 
2 119 
[12] 2078 (22) (28) 2 058 (tO) 
' 	 ' [8] 2 104 (13) 	[5] 2080 	 [82] 2 060 (8) 
, , ,. 2 105 	 2080 2060 
Relative' ab,orbanee are shown as the percentages 
widths at half height. w 	are given In parenthes. 
of the total absorbance of the ..(CN) regions in square brackets. 	Band 
equilibrium consists, principally of a mixture of [Ag-
(SCN)3], free SCN ligand, and a small proportion of 
bridged' complex, probably [Ag,(SCN),] indicating a 
close similarity with dma.. 
Pvopykne Carboate.—Though the spectra of solutions 
between S = 2.1 and 5.9 showed only the two bands, B 
and D, indicating (Ag(SCN),)' as the only complexed 
species in this range, the intensity data indicate that 
complexation is not complete until S > 4. 
A previous potentiometric titration study led to 
extremely high stability constants; 10 log h = 16.0 and 
log , = 18.7. Although this work appears to have 
been carefully carried out using the normal background 
constant ionic strength conditions it is incompatible with 
the stoicheiometric stability constant for equilibrium 
step (5) calculated from our Raznan spectral intensity 
data; log N ca. 3.8. Moreover, we find no evidence for 
[Ag(SCN),]'. 
Trimethyl Phosplsate.—The analyses of the Raman and 
i.r. spectra of solutions at S = 6.1 are almost identical. 
Bands are found in all four positions A. B. C. and D. 
Bands A and B appear as a double-topped wide feature, 
and band C as a low intensity maximum in the Raman 
and as an inflexion in the is. Even at S = 8.1 the 
formation of [Ag(SCN) 5] is far from complete and fl, 
is low compared with other solvent systems. A con-
siderable proportion of the SCN ligand still remains in a 
bridged complex form, presumably (Ag,(SCN),) - as in 
step (4). Because it is spectroscopically impossible to 
differentiate between the -SCN of the mono complex  
large proportion of AgSCN persists at S = 6, and 
further 'complexation to [Ag(SCN)1] - is far from com-
plete.' 
Hezamethylphosphoramide.—Raman spectroscopy of 
the thiocyanatosilver(i) complexes is impossible in this 
solvent because silver metal is deposited on the cell 
walls when the sample is exposed to the laser beam. 
Four bands at 2 118, 2 105, 2 080, and 2058 cm' are 
clearly distinguishable in the it. as indicated in Table 2. 
Inspection of the band positions and their intensity 
trends indicates the complexation system to be sub-
stantially different from that observed in the other 
solvents. This is probably due to (a) the powerful donor 
and solvating property of hmpa whereby it may compete 
favourably as a ligand with SCN for co-ordination sites 
on the Ag ion, and (b) the bulky nature and shape of the 
hmpa molecule. 
Plots of relative band intensities against S show that 
there is a direct correlation between the 2 118 and 2 080 
cmt bands. Both appear at their highest relative 
intensity in the region S = 1.5 to S = 2 and accordingly 
we attribute both these bands to the same species. The 
2 105 cur' band is the principal feature of the spectrum 
at S = 0.5, but although its relative intensity decreases 
with increasing S it is still in evidence in the spectrum at 
S = 3. In accord with previous attributions we there-
fore assign the 2 105 cur' band to the [Ag,(SCN)] 
species. The absence of a band in the 2 085-2 095 
car 1  region indicates the complete absence of the linear 
bis complex observed in all the other systems. The 
taW 
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mono complex might be a minor component of the system 
because, if present, it would contribute to the band at ca. 
2 080 cm-'. 
The attribution of the 2 118 car' and 2080 car1 bands 
to linkage isoineric complexes containing N- and S. 
bonded thiocyñnate ligands (either in mono complexes 
or in the terminal groups of bridged complexes) is 
unlikely because we would expect the frequency to be 
lowered by N-bonded complexation." A possible 
explanation lies in the attribution of these bands to the 
symmetric and asymmetric vibrations of a tetrahedral 
(Ag(SCN),(hmpa),] species. This structure is not to be 
entirely unexpected becanse tetrahedral complexes of a 
number of trahsitioti-metal ions each containing two 
bulky hmpa ligands have been isolated." Also, we have 
previously reported" that Ag 1 appears to solvate tetra-
hedrally in the powerful donor solvent ammonia. 
A feasible alternative explanation of the spectra 
arises from the proposal of a multinuclear complex 
containing two -SCN- bridges between the Ag 4 centres 






and asymmetric) due to the bridging llgands (2 118 and 
2 105 cm-') and one due to the terminal Ligand (2 080 
cm'). 
We thank Mr. P. O'Neill, Research Technician, for the 
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Spectrochemistry of Solutions. Part 17. 111 The Vibrational 
Spectra of Cyano-Palladium(II) Complexes in Liquid Ammonia. 
by Peter Gans, J. Bernard Gill and Douglas Macintosh, 
Department of Inorganic and Structural Chemistry, 
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ABSTRACT 
Complexation of Pd 	by CN- in liquid ammonia has been 
studied by means of infrared and Raman spectra of the 
solutions. Stepwise complexation occurs up to the 
square-planar 4:1 species. In the second ligation step 
trans-Pd(CN) is initially formed at sub-ambient 
temperatures but slowly equilibrates(t,=6h) at 293K into a 
mixture containing both cis- and trans-isomers. The 2:1 
and the 4:1 complexes appear to be thermodynamically very 
stable. All the 11 C-N stretching modes of vibration of 
E(NH).Pd(CN)], cis- and 
trans-C(NH)Pd(CN)3, C(NH)Pd(CN)3 and 
CPd(CN)] have been observed and assigned. There is 
no spectroscopic evidence for multinuclear complexation 
involving bridging CN groups. 
I NTRODUCT ION 
We report on the compleation of palladium (II) by 
cyanide ligands in liquid ammonia. 	This work farms part of a 
mLlch wider area of our investigations which encompasses -a 
vibrational spectroscopic, as well as an electrochemical, 
attack on the problem of identifying the various species which 
occur when cations and anions or ligands interact in liquid 
ammonia solutions. 
In most protonic solvents, such as water and the lo'er 
alcohols, the cyanide salts of heavy metals are insoluble. In 
previous papers we have shown how liquid ammonia is 
particularly useful as a medium -for the study of water-
insoluble metal cyanides in solution. For instance, the 
stepwise complexation by CN of silver(I) ' and 
mercury(II) 	can be followed in the Raman, usually between 
20Ol( and 30K, by collecting the spectra of a range of 
solutions at different ligand/metal ratios. 
The complexation scheme of silver by cyanide is 
complicated because it involves both geometry changes on the 
silver(I) centre, and equilibria between linkage isomers. 
Ligation of rnercury(II) by cyanide in ammonia contrasts with 
that on silver(l) because complexation occurs by the simple 
tec-ii 	replacement of ammonia molecules in the tetrahedral 
.innr ':oordi r.t ion phor 	of th fy iun. 	Like AgCN and 
.4. 
Hg(CN)-, Pd(CN) is also soluble in liquid ammonia. 
High solubility of these cyanides is favoured because the 
metal cations possess high energies of solvation in liquid 
ammonia, much greater than the corresponding values for the 
aqueous system. All three compounds have high lattice 
energies and a consideration of these together with their 
solvation energies indicates that ammoniation of Ag, Hg 
and Pd- cations is a highly enthalpically favoured process. 
Thus ligation of the three metal cations, even by powerful and 
strong donor ligands, might be expected to be competitively at 
a disadvantage compared with the salvation process. This is 
not the case for the ligation of Ag and Hg 	by the 
CN anion in ammonia: 	in Ag/CN mixtures, 
logK'v7, logKri9, and logK z 'l.S 	However, it is the 
case for phosphines, and for thiocyanate for which further 
ligation is not detectable either spectroscopicaIly' or 
potentiometrically 	after the first step; for 
SCN/Af mixtures, logKr"0.7. 
Our earlier papers have described some of the methods 
used to identify ion-associated 	and complexed 
species ''` in ammonia solutions from their Raman 
spectra. 	To facilitate analysis of the spectra we 
established our own methods of computer-assisted curve 
resalution(VIPER),' and smoothing and derivative 
convolution processes. ' 	These assist in, (i) the 
identi-Fication of the species present, and (ii) a much 
improved estimation of the positions of the bands which 
underly the spectral pro-Files. 	In the work presented here we 
have obtained Raman spectra from solutions of 
cyano-palladium(II) complexes at various ECN]/CPd) 
ratios. 	It should also be noted that, for the first time we 
have been able to bring into use the new techniques which we 
have been developing to facilitate measurement of infrared 
spectra of liquid ammonia solutions at ambient 
temperatures. 	 Principally, it is through the use of 
infrared spectroscopy that we hve been able to observe and 
monitor the kinetically slow process of ligand exchange which 
occurs in the cyano-palladium(II) system in liquid ammonia. 
EXPERIMENTAL 
The techniques for examining the Raman spectra of 
solutions in liquid ammonia have been described 
previously. 	 Ammonia solutions of 
at concentrations ca.300 = R = [moles 
NH-)/[atoms Pd), and KCN were sealed in round glass tubes at 
various ratios of ECN]/EPd] = S. 	The Raman spectra 
were recorded within 24h of the preparation of the mixtures 
and thereafter at intervals of time up to about 4 months. 
All the techniques we normally apply to obtain good spectra 
with maximum signal/noise ratio and minimum band distortion 
were used. 	Ihe spectra, recorded on our modified Coderg 
RSlO Raman spectrometer, were calibrated against a Hg line 
at 2197.7cm- t. 
Infrared spectra were obtained in our new pressure 
cell. This contains CaF windows in a piston /cylinder 
assembly constructed within a block of the thermoplastic 
Ke[ -F 	This material is resistant to attack by ionic 
solutions in liquid ammonia, though it should be noted that it 
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is destroyed by solutions of alkali metals in ammonia. 
full report on the construction and the use of the cell for 
analytically quantitative infrared determinations will be 
presented in a subsequent paper'. This will also include 
a description of the method of solvent spectrum subtraction. 
Spectra were recorded on a Pye-Unicam Ratio-Recording 
SP3-300 Infrared Spectrometer using a cell pathlength of ZOum. 
Each spectrum was collected as 9 coadded scans on a Hewlett 
Packard 9845A computer. 	The solute spectra were studied in 
absorbance units after subtraction of the background(solvent 
spectrum) from the spectra of the solutions. Spectra were 
recorded at intervals of approximately, 0,1,2,4,8,12,24,36, 
48,72h, after the preparation of the solutions. 
All salts were recrystallised from liquid ammonia. 
RESULTS AND DISCUSSION 
Following reports in the literature"al on the 
coordination of ligands around the Pd 	ion in both the 
solid state and in aqueous solutions<'' there is no reason 
to assume that any coordination arrangement other than a 
square-pi anar array of CN groups exists around Pd 	in 
liquid ammonia. All our spectroscopic evidence supports this. 
The infrared.and Raman spectra of the CN/Pd 	set of 
complexes in ammonia consist of bands which all lie between 
2125cm' and 2152cm 1 . 	In those solutions in which the 
ratio of ECN3/[Pd] = S < 4 no band due to free cyanide 
ligand is observed in the region around 2056cm -1 , but 
immediately the solution composition exceeds S4 a band 
appears at this frequency. From this we can conclude that the 
formation of [Pd(CN)] 	is thermodynamically a very 
favourable process in liquid ammonia, and that no further 
complexation occurs beyond the 4: 1 stage. 
Both the Raman and the infrared spectra were scanned 
to 2350cm_1. 	The absence of features due to C-N 
stretching vibrations, in regions other than those indicated 
above, provides good spectroscopic evidence that no 
multinuclear species containing bridging CN groups form in 
the system. 
The observed spectra are compatible with a stepwise 
process of addition of CN ligands to the Pd 	metal ion. 
However, this is complicated by a slow exchange reaction which 
manifests itself in changes observed in the spectra in the 
course of 2 to 3 days. 	We have monitored these changes in 
the infrared spectra, but we have used the Raman data to 
identify band positions because of the better resolution which 
can be achieved with thelatter. 	It was impractical to 
follow spectrum changes with time in the Raman. 
All the 9 bands listed in Table 1 have been 
identified in the Raman, but only 5 bands can be positively 
identified in the infrared spectra. 	Attempts were made to 
identify underlying features in the infrared spectra by 
computer-assisted curve-fitting but extensive overlapping of 
bands, their relatively low absorbances ( £ 	2 mol 'm) 
and the law resultant signal/noise ratios in the 
solvent-subtracted spectra led to high correlation b2tween 
band parametrs. '' ' 	 None the less, it was clear -from 
these attempts at curve-resolution that more than 5 bands 
should be used to describe the in-Frar- ed spectra. 
'-p 
Uns 
Assuming that linkage isomerism may be excluded, it 
is only at the 2:1 stage of complexation that isomerism is 
possible, i.e., cis- and trans-E(NH)Pd(CN)3. 	The 
species formed in the stepwise addition of CN to Pd 
should give rise to a total possible 8 Raman and 7 infrared 
bands if the system just passes through the cis-isomer, and 7 
Raman and 6 infrared bands if complexation involves only the 
trans-species. Because 9 Raman bands and at least 5 infrared 
bands can be identified we conclude that both cis- and 
trans-C (NH)Pd(CN)] can be found in the solutions with 
compositions S < 2. 	To describe this pattern of complexes 
in the equilibria up to the 4:1 stage a total of 9 Raman and 8 
infrared bands, representing a total of 11 C-N stretching 
vibrations, are required. These must include 6 coincidences, 
and 4 mutual exclusions. 
Description of the Raman Spectra. 
S=0.5. 	Two bands are observed at 2141cm' (E) and 
2134cm (H); both are polarised, E( =0.02), and H( p =0. 1). 
Because band H, at the lower frequency, is twice as intense 
as band E we identify it with the A 1 C-N stretching 
vibration of E(NH)Pd(CN)). 
S=1.0 	The same two bands, E and H, are observed but the 
intensity of band E is substantially increased relative to 
band H, and the assignment of band E to a 2:1 species is 
consistent with the attribution of band H to 
((NH)Pd(CN)]. 	No significant change is found in 
this spectrum with the passage of time. 
9=1.12 and 1.5. 	The relative intentsity trends observed 
in the spectra of the solutions at 9=0.5 and 1.0 continue in 
those spectra taken within 24h of the preparation of the 
solutions, but a third band at 2145cm(C) appears at 
somewhat lower relative intensity. Band C increases in 
relative intensity as S increases. Spectra taken 7 to 14 days 
after the preparation of these solutions change completely to 
become simple two band spectra. Although the lower freqLlency 
band H remains a substantive part of these spectra the peak of 
the feature at 2142cm(D) is shifted slightly with respect 
to the band at 2141cm(E) and therefore can be identified 
as a separate feature. 
S=2.0 and 2.1. 	Three peaks all of which change therr 
relative intensities with time appear in the spectra. 	The 
band of maximum intensity coincides in frequency with band 
D(observéd in the spectrum of a solution at S=1.5 left to 
stand for several days). 	The highest frequency band at 
2145cnr' is in the same position as band C observed soon 
after a S=1.5 solution has been mixed. 	After several days 
band C is reduced in intensity relative to the Feature at 
2141/2142cm. 	Band H which is still seen in these spectra 
is markedly lower in relative intensity than it is in the 
spectra of the solutions at lower S. 	It is important to note 
that the polarisatian ratio of band H is appreciably higher(p 
=0.2) For these solutions. After a period of 14 days no 
further changes are observed in the spectra. Four Rainan bands 
are required to be attributed to th .e vibrations of 
C(NH).Pd(CN)J and cis-- and 
trans-C(MH)-Pd(CN)-.3. 	We have already assigned b-and H 
to the A. vibration of the First of these. 	On the basis of 
-1 
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its polarisation ( e =0.02) and that we might expect the 
trans-effect to determine the preferred species, we assign 
band D(clearly identified in the spectrum of a solution at 
S1.5 after several days) to the AQ vibration of 
trans-E(NH).Pd(CN)], leaving the two bands at 
2145cm(C) and 2141cm'(E) to be assigned to the 
cis-C (NH)Pd(CN)] isomer. 	Here assignment poses a 
problem because the bands at 2142cm 1 (C) and 2141cm(D) 
severely overlap each other and polarisibility measurements 
cannot assist. 	However, we believe that there is some 
degree of depolarisation in this region. 	Also the band at 
2142cm'(D) is fairly symmetrical in the spectra taken 
after several days. Thus it is not unreasonable to infer that 
band E at 2141cm -1 is a relatively weak feature of the 
spectra severely masked by band D. 	Because the band at 
2145cm 	is highly polarised e 0.04) we are inclined to 
make a tentative assignment of band C to the polarised A 
vibration of cis-[(NH)Pd(CN)] leaving the 
depolarised(?) band E at 2141cm 	assigned to its B 1 
mode. 
S=2.5 and 3.. 	The spectrum at S2.5 exhibits four 
distinct features at 2148cmt(B), 2145cmt(C), 
2142cm(D and/or- E), and 2134cm'(H or I). 	In the 
perpendicular polarised spectrum bands B, C, and D disappear 
leaving a broad flat-topped region between 2140cm -1 and 
2132cm -1 . 	This signifies the existence of two further 
bands, one at 2136cm' (6), the other coincident in 
frequency with band H at 2134cm 1 (I). 	Band 6 does not 
contribute sufficiently to the parallel polarised spectrum to 
make itself apparent through the spectral envelope, but its 
presence in the perpendicularly polarised spectrum indicates 
that it is a comparatively weak feature with a non-zero 
polarisation ratio. We are fortunate in being able to 
identify an additional band I at 2134cm 	by means of the 
increase in polarisation ratio (from e =0.2 to 0.5) at this 
frequency with increase of S from 2.0 to 3.0. 	At S3 bands 
B, C, 6 and I are observed; these change in relative 
intensities in the manner which might be expected as a 2:1 
gives is promoted to a 3:1 species. 	Using the polarisatian 
properties we assign band I to the depolarised B 1 vibration 
of E(NH)Pd(CN)], leaving the bands at 2148cmt(B) 
and 2136cm(G) to be attributed to its two A 1 vibrations. 
S=3.5 and 4.0. 	Two bands, not observed in the 
spectra described above, appear at 2150cm'(A) and 
2138cm - ' (F), in the intensity ratio 6:1. 	Band A is a 
highly polarised intense feature( =0.01), whilst band F is 
depolarised. 	they are obviously attributable to the 
symmetrical Atc and the BL I, stretching vibrations of 
square-planar EPd(CNL] 	respectively. The absence of 
any Feature, other than bands A and F, leads us to conclude 
that complexation to 1Pd(CN. 1 1 	is complete at S=4.0 and 
that this complex is thermodynamically very stable. 
8=6.3. 	No further change occurs in the spectrum when 
S is increased above 4, but it is to be noted that a band due 
to Free CN appears at 2056cm 1 as early as S4.1 
indicating that stepwise co.nple>ation is complete at the 4:1 
st age. 
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Description of the Infrared spectra. 
Infrared measurements have enabled us to assign the 
two Raman--inactive bands. They have also enabled us to monitor 
the changes in solution composition at ambient temperature 
during the first 2 days after preparation. 	At S < 2 the 
spectra change significantly up to about 5h; at S = 3 changes 
are complete within 3h. Five dif -Ferent bands can be clearly 
discerned and the directions in which they change with time 
are shown in Table 2 
5=1 and S=2. 	Three features are identifiable at 
2141cm(D/E, 2134cmt(H) and 2127cnr- (K). 	Relative 
to the band at 2134cmt, which we associate with the C-N 
stretching frequency of [(NH)zPd(CN)] -- because of its 
coincidence with band H of the Raman spectra, the intensities 
of both the other bands change with time; the band at 
2141cm 	increases and that at 2127cm 	decreases. 	No 
band is observed in the Raman at as low a frequency as 
2127cm , and accordingly we can unambiguously assign band 
K to the Raman-inactive Bf w vibration of 
trans-C (NH) 2pd(CN)-.]. 	The highest frequency band at 
2141cm-1  could (on the basis of coincidences with Rarnan 
frequencies) be associated with either band D(the A g 
vibration of trans-C(NH)PdsCN], or band E(the B 
vibration of cis-C (NH)Pd(CN)]. 	After considering 
the direction of the changes in the relative intensities of 
bands D/E and K we conclude that trans-C(NH.pd(CN)], 
which forms after the solutions are mixed, reduces in 
concentration with time giving way to some 
cis-E(NHpd(CN)]. The overall increase in intensity 
of the band at ca.2141cm_t(D) is consistent with an increase 
in the concentration of the ci's-isomer. 	Concurrently the 
band at 2142cm'- t (E) due to the trans-isomer, in parallel 
with band K, decreases in relative intensity. The increase in 
intensity of the composite feature D/E compared with the 
corresponding lass of intensity under the K feature is good 
evidence for slow replacement of the trans- by the cis-isomer. 
Assessments of the changes in the band areas suggests an 
approximate half-life for the cis-trans interconversion of 
about 6h. 	After about 50h all three bands, E, H, and K, 
are present in the spectra and we conclude that the system 
contains an equilibrium which includes E(NH)pd(CN)) -- 
and both ci's- and trans -[(NH)PdCN)), and perhaps 
some [(NH)Pd(CN),-.] - . 
5=3. At this composition changes in the spectra are 
complete within 3h. 	A small feature is suggested an some of 
the prfiles at ca.2136cm 	to support the assignment of band 
G('faund in the Raman) to E(NH,)pd(CN)-]' - 	The most 
distinctive new feature is the relatively small band at 
2146cm -1 . 	This should be associated with band B seen in 
the Raman at 2148cm' and assigned to the A1 vibration of 
C(NH)pd(CN))] -- . 	As this band is of relatively low 
intensity it is tempting to suggest that the proportion of 
C(NH)Pd(CN)] - in a solution at S = 3 is relatively 
low, and because the principal components of the mixture are 
the 2:1 isomers and C(NHJPd(CN] - , that the third 
stepwise stability constant K is coinpar- atively low. 
5=4. 	Ihis spectrum consists of a single 
vmmatrjcl band at 2128cmt(j). Because this is absent 
6 
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from the Raman spectra we can unambiguously assign it to the 
doubly-degenerate EbL mode of square-planar [Pd(CN).). 
CONCLUSIONS 
The Raman and infred spectra of mixtures of 
Pd 	and CN in liquid ammonia solutions haveenabled 
frequencies to be assigned to all the 11 C-N stretching 
vibrations of the 5 square-planar complexes as -Follows: 
215cm, A1 9 , (Pd(CN) 4); 
2148cm 1 , A1, E(NH)Pd(CN)3 - ; 
2145cm', A1, cis-C(NH) zPd(CN)]; 
2142cm', A, trans-[ (NH)Pd(CN)); 
2141cm-1 , B1, cis-((NH)Pd(CN) 2 ]; 
2138cm', 81 9 , EPd(CN]; 
2136cm', B,, E(NH)Pd(CN)); 
2134cm 1 , A,, C(NH)Pd(CN)]; 
2134cm', A,, [(NH)Pd(CN)]; 
2128cm 1 , Eu., CPd(CN)]; 
2127cm 1 , Ai,trans-C(NH)pd(CN) 2 3. 
A slow interconversion of 
trans-C(NH)pd(CN)] and cis-C(NH)Pd(CN)J (t. , 6h) 
can be followed in the infrared spectra. 	This results in a 
solution at equilibrium containing C(NHz):Pd(CN)] and 
both the cis- and trans-isomers. 
Complexation of Pd 	by CN in liquid 
ammonia does not proceed beyond the 4:1 stage. 
rhe relative intensities of component bands in 
the spectra suggest that the formation steps to the 2:1 and 
4:1 species are thermodynamically favoured processes. 
There is no spectroscopic evidence -for the 
existence of multinuclear complexes with bridging 
cyano-groups. 
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Table 2. Bends Observed in the Infrared Spectra of Solutions Containing CN Ligands mixed with Pd 2 Cations in Liquid 
Ammonia at 293K. The Arrows Indicate the Direction of Intensity Changes df the Component Bands with Time. With 
Solutions at S I and 2 there is no Detectable Change after 50h, for S 3, 4h. 
land B D E H I J K 
Frequency 2146 2141 	 2134 2134 	 2134 2128 2127 
esignment L(NH3 )Pd(cN) 3 1 trans 	 cia L(NH 3 ) 3Pd(CN)J 	((NH3 )Pd(CN) 3 J (Pd(CN) 4 ] 2 trans 




1 B A g 	 1 A 	





S=1 ('I- 	+ 	V 	+ 4. 




Table 1. Frequencies of Bands Observed in the Raman Spectra of Solutions of Various Mixtures of CN and Pd 2' in Liquid Ammonis. 
The numbers indicate approximate relative intensitie, of component band,. 
Band Time A B C B 	 E F G H 
Frequency/cin 2150 2148 2145 2142 	 2141 2138 2136 2134 	214 
Assignment (days) (Pd(CN) 4 J 2 (Pd(CN) 3 J cis-Pd(CN) 2 trans-Pd(CN) 2 	cie-Pd(CN) 2 IPd(CN) 4 J 2 IPd(CN) 3r IPd(C) U'rUC?I) 1 3 i 
Syssnetry A 
1g 
A 1 A 
1 A 	 B 1 g B 1 B 1 A 1 
g 
s - 0.5 1(p) 2(Ct 	.1) 




* S - 	1.12 0 2 5 
7  1  1 
S • 	1.5 0 2 3 2 
14 2 1 
- S 	2.0 (0 3 4(p)— 2'i 
14 2 4 	—.----e 
* 2.1 (o 2 2 	--- I 
2 4 
S • 2.5 2(p) 6(p) 4 1(dp)? 2(p 	5) 
S • 3.0 0 7 4 2(dp) I 
1 5 5 2(dp) 2 
S • 3.5 S(p) 1(dp) 
 
S - 4.0 0 6(p) 1(dp) 7 6(p) ((dpI 
6.3 6(p) 1(dp) 
* 
These samples were made up and stored at -40°C until the first spectrum was recorded. 
Thereafter they were allowed to stand at ambient temperature. 
band is found only in the 1 polarised spectrum. It is a weak feature and is lost between bands (B) and (I) of the It polri9cd 9rAtrU!t 
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Spectrochemistry of Solutions. Part 19.C13 Complexation of 
Gald(I) by Cyanide in Liquid Ammonia: an Infrared and Raman 
Spectroscopic Study. 
by Peter GansTM, J. Bernard Gill and Lawrence H. Johnson, 
Department of Inorganic and Structural Chemistry, 
the university, Leeds, LS2 9JT. 
ABSTRACT 
Complexation of Au by CN - in liquid ammonia is 
different from Ag with which a large number of 
complexes and ion-pairs occur. Like the aqueous system 
ligation passes through AuCN and stops at the linear 
EAu(CN)2]. Frequencies in the infrared and Raman 
spectra of these species in ammonia solution have been 
assigned. Raman spectra of the solution with 
(CN]/CAu] =1 between 220K and 300K indicate that both 
the free energy and entropy changes of the second 
conpiexation step are low pointing to the existence of AuCN 
in ammonia as linear E(NH)Au(CN)]. 
INTRODUCTION. 
We have previously reported on the complecation of 
silver(I) by cyanide in liquid ammonia by both Raman 
spectroscopyc 	and by complexometric titrations. C 	 The 
Ag(I)/CN system in ammonia is interesting because of the 
many complexes and ion-pairs which occur in its equilibria (at 
least 12) , and because of the difference from its aqueous 
counterpart.' 	This report on the ligation of gold(I) by 
cyanide, part of the continuing study of complexation of 
cations in liquid 	 illustrates distinct 
differences between the Au(I)/CN and the Ag(I)/CN systems.. 
Both systems can be studied in ammonia through all their 
complexation steps because of the solubility of the 1:1 
complexes. Unlike water and other protonic solvents AgCN and 
AuCN are soluble in ammonia because of the higher enthalpies 
of ammoniation of their cations. 
In this work we have used experimental techniques 
recently established to obtain infrared spectra of 
electrolytes dissolved in ammonia to advantagedt. All our 
previous work on ammonia solutions relied entirely on the 
Raman method as the source of vibrational spectroscopic data. 
Now the complementary use of infrared spectra provides greater 
confidence in interpretation. 
EXPERIMENTAL 
Raman spectra of solutions in round glass tubes (3mm. 
internal diameter) were obtained, by multiple scanning and 
coaddition on our modified Coderg PHO Rarnan spectrometer,Ce 
using settings to ma>imise signal/noise ratios. The techniques 
for obtaining infrared spectra of solutes at ambient 
P41 
temperatures in liquid ammonia with high photometric accuracy 
and high signal/noise ratios are presented elsewhere.' 
Curve resolutions and derivative spectra were obtained from 
the digitised data as previously described 	 for 
Raman spectra. 
Solutions were prepared by condensing pure ammonia on 
to weighed mixtures of AuCN/NaCN and AuCN/NaCN/NaClO. 
NaCN, recrystallised from liquid ammonia to remove hydroxide, 
carbonate and cyanate, was used as the source of CN- because 
it is more soluble than KCN. Cation/ligand ratios and 
solution concentrations are expressed as S=[CN)/EAu), 
and R=Emoles NH]/Cmoles Au]. 
As ammonia was condensed on to AuCN the colour of the 
solid changed from yellow to white as the Au cations became 
coordinated by NHs molecules in the solid phase. At first 
this solid appeared to be insoluble in ammonia, but it is the 
rate of solution which is slow. When a solution of R=300 has 
been established it can be cycled between 300K and 200K 
without crystallisation. 
Infrared spectra were obtained of yellow solid 
anhydrous unammoniated AuCN, solid (NHs)AuCN obtained by 
recrystallisation of AuCN from ammonia, and solid 
NaCAu(CN)] after recrystallisation from ammonia.. 
(NH)AuCN requires C,5.01X, H, 1.267., N,11.7X; found, 
C,5.007., H,1.20/. and N,12.1%: AuCN requires C,5.39X, N 1 6.28X; 
found C,5.35X, N,6.50X). 
RESULTS AND DISCUSSION 
The Figure illustrates the infrared and Raman spectra 
of solutions at 9=1 and S2, and details of the spectra 
obtained for solutions and solids are given in the Table. 
When 9>2, but not when 9<2, the spectrum characteristic 
of NaCN in ammonia (max. ca.2060cm 1 ) appears between 
2050cm 1 and 	 No further spectrum changes 
are observed when S is increased beyond S2 indicating that 
complexation stops at the 2:1 stage. There are no bands 
between 2170cm 1 and 2400cm 	in the spectra of any 
solutions indicating the absence of species containing 
bridging -C-N- groups; yellow unammoniated solid AuCN contains 
a band at ca.2236cm 1 due to bridging -C-N-. 
The infrared spectrum of the solution at 9=1 and R=340 
contains two overlapping Lorentzian bands at 2142cm 1 and 
2152cm 1 in relative intensity ratio 1:10 respectively. The 
Raman spectrum of the S1 solution at R127 exhibits two 
sharper Lorentzian bands at 2152cm'(dp) and 2158cm 1 (p) 
in the intensity ratio 16:1. A further weak band occurs at 
522cm' (p=0.37) in the Raman. 
The spectra of the solution at S2 consist of single 
sharp Lorentzian bands at 2142cm'(ir) and 
2158cm(p)(Raman) with a further weak band in the Raman at 
291cm 1 (dp). Mutual exclusion of the r1(CN) symmetric and 
the Y(CN) antisymmetric vibrations confirms the 
centro-symmetric structure of EAu(CN)] and makes 
assignment of the v(CN) stretching frequencies obvious: 
y.(CN), 2158cm; y,(CN), 2142cmt. 
The band of higher intensity at 2152cm 1 in both the 
infrared and Raman(dp) spectra of S=1 solutions is due to the 
y(CN) stretching frequency of AuCN. The bands of low relative 
intensities at 2142cm'(ir) and 2158cm'(R) show that, at 
this stoichiometry, the solution mixture contains 
P4i 
EAu(CN)] at between 5 and 10/.. 
Clearly complexatiori of Au by CN- is 
straightforward involving simple two-step ligation through 
EAuCN] to CAu(CN)]. The sharp symmetric Lorentzian 
bands suggest linkage isomerism to be unlikely. The fact 
that the band shape does not change, and no additional bands 
appear in the Raman spectra when excess NaClO is added with 
respect to CAu(I)] up to [ClO]/CAu(fl] =3.1, confirms 
that ion-pairing between Na and CAu(CN)] - is 
insignificant. 
Complexation of Au by CN in ammonia contrasts 
with that of Ag because ligation to Auis by a simple 
two-step process with no complexation beyond the 2:1 stage 
like that reported for the aqueous system.C.1.2.4 	Up to 
the third step the Ag(I)/CN system in ammonia can be 
regarded as stoichiometrically similar to its aqueous 
counterpart for which 1:1, 2:1 9 and 3:1 have been established 
and 4:1 complexes have been claimed.ttt 	However, in 
ammonia, there is much greater complexity. In addition to 
CAg(CN)] 	all possible linkage isomers of AgCN and 
[Ag(CN)] - are found as well as the 2:2 species 
CAg(CN)) = and ion-pairs between the counter cation and the 
3:1 complex; no 4:1 species occurs. 
A further difference from the Ag/CN - system 
concerns the solvent frequency shifts observed .-for the v(CN) 
vibrations of. £Au(CN)a]. For EAg(CN)] there is no 
solvent frequency shift between ammonia and water. In water 
the v(CN) stretching frequencies for [Au(CN) 2 ) - were 
reported as follows: yl(CN), 2164cm 1 ; y(CN), 
2145cm-1 . 
A low-intensity depolarisect feature due to the v(CN) 
bending vibration of EAu(CN)] is found at 291cm - t in 
the Raman spectrum of the S2 solution. Our attribution of 
this concurs with that of Jones for the depolarised band at 
ca.300cm- ' obtained from concentrated aqueous solutions of 
KEAu(CN)]. We also find a band of low intensity at 
522cm' (p =0.4)in the Raman spectrum of the S1 solution 
which may be due to the v(Au-N) stretching frequency of NH 
coordinated to AuCN. 
Recrystallisation of AuCN from liquid ammonia produces 
a white monoammoniate, E(NH)Au(CN)]. Like C(NH)AuCl] 
this is probably linear.' 1  Its infrared spectrum contains 
at least 3 overlapping bands between 3340cm - ' and 3190cm' 
in the y-(NH) stretching region, and a band at 2142cm - ' due 
to its y-(CN) stretching vibration. Further bands occur at 
1323cm- ' (due to the d deformation mode of coordinated 
ammonia) and 525cm_L (close in frequency to the band at 
522cm' in the Raman spectrum of the 9=1 solution). The 
similarity between the spectra of the solid ammoniate and the 
8=1 solution points to the existence in solution of AuCN as a 
linear mono-ammoniated uncharged complex. Unassigned weak 
bands appear also at 502cm' and 454cm' in the infrared 
spectrum of this solid ammoniate. 
The infrared spectrum of solid NaCAu(CN)], 
recrystallised from ammonia, contains bands at 2153cm' due 
to the y(CN) stretching vibration, and 441cm' due to the 
y4(Au-C) antisymmetric stretching vibration; Jones reported 
frequencies in the infrared spectra of solid K[Au(CN)] at 
2140cm' and 427cm'. 4. '• 
The relative intensities of the two component bands of 
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the Raman spectra of the S1 solution remain unchanged when 
the temperature is changed between 293K and 220K. Hence the 
free energy change, AG, for the complexation step 
	
(NH)Au(CN) + CN 	= CAu(CN)] 	+ NH 
is nearly constant over this temperature interval. It is 
also clear from this observation that H is near zero and 4S 
is small. In the corresponding step f or the AgfCN 
system in ammonia a large pasitiveS(due mainly to 
translational entropy change) reflects the geometry change 
bewteen tetrahedral coordination by 3NH's and ICN in the 
1:1 complex, and linear coordination by 2 CN's in the 2:1 
comp 1 ex 
(NH)Ag(CN) + CN 	= 	[Ag(CN)] 	+ 3NH. 
Thus there is good supporting evidence that AuCN exists in 
ammonia as a linear 1:1:1 ammoniate because replacement of the 
ammonia ligand by CN in linear ENHz]Au(CN) to form linear 
E(NC)Au(CN)] will only involve a small translational 
entropy change. 
ACKNOWLEDGEMENT 
We are grateful to the Science and Engineering Research 
Council for a grant (GR/B/0817) towards the cost of the 
infrared and computer equipment, and for the award of a 
postgraduate studentship to LHJ, and to RTZ Metals for their 
support as the Cooperating Body. 
CAPTION FOR DIAGRAM 
Figure. The y(CN) frequency region of the spectra of Au/CN 
mixtures in liquid ammonia at 293K: (a) infrared spectra of 
solutions at (a) S1 and (b) S2; Raman spectra of solutions at 
(c) S1 and (d) S2. 
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TABLE. Spectroscopic Details of Solutions and Solids. 
Solutions 
S 	 Wavenumber/cm 
(CNi/EAg] 	Infrared 	 Raman 
	
1.0 	 2152(6.2)1103 
2142(6. 1)11] 
2.0 	 2142(6.5) 
2.80 	 2142(6.5) 
2060 
4.40 	 2142(6.5)181 
2060E 1] 
10.7 	 2142(6.5)11.41 
2060[ 1] 
Sol I ds 
AuCN 	 2236+2(12) 















Position of the main feature of the multicomponent spectrum 
characteristic of NaCN in liquid amonniac; not observed when 
9<2. C 1 indicates width at half-height, I ] indicates relative 
intensity, 	is polarisation ratio. 
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TABLE. Spectroscopjc Details of Solutions and Solids. 
S Wavenumber- /cnr 1 
ECN]/[Ag] Infrared Raman 
1.0 2152(6.210] 2152(2.9c16], 	c,=0.23 
2142(6.1)E13 2158(2.4)E13, p<0.01 
522(15.0, p=0.40 
2.0 2142(6.5) 2158(3.0), 	p<0.01 
291(10.0), 	,=0.70 
2.80 2142(6.5) 2158(3.2), p<o.oi 
2060 
	
4.40 	 2142(6.5)(8] 
2060E 1) 











NaEAu (CN) 	] 2153+1 (9.0) 
441+1(16) 
Position of the main feature of the multicomponent spectrum 
characteristic of NaCN in liquid amonniaCl; not observed when 
S<2. 	( ) indicates width at half-height, C ]. indicates relative 
intensity, 	is polarisation ratio. 
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Tetra-n-alkyIammonium Bisuiphites: a New Example of the Existence of 
the Bisuiphite Ion in Solid Compounds 
By R. Maylor, J. B. GIll, and 0. C. Goodall. School of Chemistry. The University, Leeds LS2 9JT 
Liquid sulphur dioxide reacts with aqueous NR 4OH (A Et. Bu'. or n-pentyl) solutions to form the corresponding 
bisuiphite. P.r. studies indicate that the compounds contain the bisuiphite ion with structure H-SO,-, having 
essentially C. symmetry. The preparative method used is that which leads to the formation of tetramethylammon-
ium pyrosulphite when tetramethylammonium hydroxide is treated with sulphur dioxide. Tetra-n-propylammonium 
hydroxide, on treatment with sulphur dioxide. yields tetra-n-propytammonium pyrosuiphite. The i.r. spectra of the 
tetra-alkylammonium bisuiphites and pyrosulphites are recorded and discussed. 
larly, Herlinger and Long 6 observed that there was a 
change in the i.r. spectrum on concentrating a solution 
of potassium bisuiphite, and no evidence has been ob-
tained for the formation of solid sodium bisulphite. 
Lr. studies show that the methods given for preparing 
bisulphites are not generally applicable. A survey of 
some of the older literature reporting bisulphite prepara-
tions shows that often bisuiphite was assumed to have 
been formed merely from stoicheiometnc requirements. 
For example, when solutions of equimolar amounts of 
sodium hydroxide and sulphur dioxide in water were 
mixed, it was assumed that the addition of ethanol would 
precipitate the product of the reaction: NaOH + SO, 
—ø NaHSO,. Analytical figures were seldom quoted 
for the reported bisulphites, and when they were, any 
deviations of analyses from the theoretical values were 
usually attributed to difficulties in obtaining a pure 
sample. Despite the general acceptance that bisul-
phites could readily be prepared, a number of workers 
did express doubts before i.r. studies were carried out. 
Foerster,7 in a study of the sulphito-compounds of sodium 
and potassium, questioned the existence of solid bi-
suiphites of these metals, and it was later suggested S 
that sodium pyrosuiphite was more stable than the 
bisniphite and that the former compound was obtained 
when sodium bisulphite solutions were evaporated. The 
validity of these comments has been established by i.r. 
studies, and of the alkali metal bisulphites. only those of 
$ C. Roccbiccioli. As,,. Chim.. 1960, 5, 999. 
'A. Simon and K. Waldinann, Z. aao,g. Che,,s., 1955, 281. 	• A. W. Hertinger and T. V. Long. !ssorg. Chess.. 1969. B. 
113, 135. 	 2661. 
A. Simon and K. Waldmann. Z. asiovg. Chess.. 1956. 284. 36. 	' F. Foerster. A. Broache, and C. Norberg.Schultz, Z. pht.. 
A. Simon and K. Waidman, Na$i,rwiss, 1957, 44. 33. 	Chess., 1924. U0. 435. 
A. Simon and W. Schmidt, Z. Ejecfrechess., 1960, 64. 737. 	5 Clser,sicoj Trade JounsoJ. 1932. 90. 433. 
TaIs paper reports the preparation of three solid tetra-
n-alkylammonium bisulphites. The bisuiphite ion can 
have two possible structures: first where the hydrogen 
is bonded to the sulphur atom, HSO,, and second where 
the hydrogen is bonded to an oxygen atom, HO'SO,. 
The HSO, ion is expected to have C,, symmetry, where-
as the HO'SO," ion should have C. symmetry. Raman 
studies on solutions of bisuiphites by Simon that 
the HSO,' ion has C,, symmetry. In aqueous solutions, 
both forms can exist in a tautomeric equilibrium. 
Until now, only two bisuiphites, namely those of caesium 
and rubidium, have definitely been shown to exist in the 
solid state and the i.r. spectra recorded for these two 
compounds are in accord with their containing the 
HSO, ion of C5, symmetry. In the five solid bisul-
phites now definitely known, the bisuiphite ion has the 
HSO," structure of C,, symmetry. 
Despite the many reported preparations of solid bi-
sulphites, notably those of sodium and potassium, no 
X-ray structure determinations have been made. 
When i.r. spectra of some of the reported alkali-metal 
bisuiphites were recorded, they were found to be pyro-
suiphites. Contary to statements in many textbooks, 
the bisuiphites of lithium, sodium, and potassium have 
never been obtained as solids. Rocchiccioli 5 attempted 
to prepare solid sodium bisuiphite, by a number of 
methods, for an i.r. study of the ion. He could, how-
ever, only obtain the pyrosuiphite or sulphite, both of 
which were easily identified by their i.r. spectra. Simi- 
P42 
2002 
caesium and rubidium have been obtained in the solid 
state. 
The effect of concentration on solutions of sodium 
pyrosuiphite/bisuiphite has been studied by Simon 1- 2  
using Raman spectroscopy and by Golding • using u.v. 
SpectrOscopy. 
In aqueous solution, the pyrosuiphite and bisulphite 
ions are related to each other through a series of equilibria 
dependent on hydrogen-bonding interaction, and the 
positions of these equilibria are profoundly affected by 
concentration. A dilute (3 x 10 3M) solution of sodium 
bisulphite contains bisulphite ions in the two isomeric 
forms (I) and (ii), 
°1 /I--- [ 	
,0 
IH\o- 
'I .'- c H_Soj 
o J 
('II (ii) 
At higher concentrations (>10'M), these two tautomers 
interact by hydrogen-bonding to give species (iii), which 
in turn is in equilibrium with the pyrosuiphite ion (iv). 
2– 	 2– 
	
,0—H, 1 ro\ 	/0 1 Is. 	o I 	I S—S-0 I + H0 
"o 
L 	0 _ 	
(iv) 
The existence of these equilibria explains why solid 
sodium bisulphite cannot be obtained by concentrating 
an aqueous solution of this salt, since removal of the 
water only causes the formation of pyrosulphite by shift-
ing the final equilibrium to the right. 
In non-aqueous solutions the positions of these equili-
bria many vary according to the nature of the solvent. 
In the solid state, the magnitude of the lattice energy 
may play a dominant part. 
The tetra-alkytaminonium bisuiphites were prepared 
in a similar way to tetramethylammonium pyrosulphite. 10 
It appears that the larger cations stabilise HSO, -
ion relative to S,O' ion, and it seems in this case that 
the lattice energy of tetra-alkylammonium bisuiphite is 
sufficient to overcome the tendency of the dimeric ion 
(iii) to lose water to form the pyrosuiphite ion. We find 
the position with regard to the tetra-n-propyl compound 
is anomalous, however. 
The effect of cation size on the stability of bisulphite 
relative to pyrosulphite in the tetra-alkylammonium 
series is not fully understood. The larger cations are 
not spherical, and a comparison with the alkali-metal 
compounds would suggest that, since the tetramethyl.. 
ammonium ion is larger than the rubidium ion, it might 
stabilise bisuiphite relative to pyrosuiphite in the solid. 
However, in the absence of structural information, a 
correlation of relative stabilities with lattice energy 
cannot be made. 
The i.r. bands of the tetra-alkylammoniurn bisulphites 
J.C.S. Dalton 
are listed in the Table, and are compared with those of 
the tetra-alkylammoniuxn pyrosuiphites. 
Infrared bands due to the sulphito-anion in tetra-alkyl-
ammoniu,n pyrosulphites and tetra-alkylammonium 
bisulphites.' (cm') 
















1051m 10489 sym S–O stretch 
llOOm IlOim 





I230sJ asym S–O stretch 
2436m sym S–H stretch 
R 	Me, Pr; R1 = Et. Bu', n-penty). 
A comparison of the two types of spectra, between 700 
and 400 cm' in particular, indicates that the com-
pounds contain completely different anions. Strong 
evidence for a bisulphite ion of C,, symmetry comes 
from the band at 2435 cur' which can be assigned to the 
S—H stretching frequency. For a bisuiphite ion of 
C,, symmetry, six bands should be observed,' Probable 
band assignments for the tetra-alkylammonium bisul-
phites are given in the Table. 
Since the degeneracies have been lifted, a certain 
amount of interaction must occur in the solid state, which 
lowers the symmetry of the anion, but it is concluded that 
the bisulphite ion in the tetra-alkylammonium bisulphites 
has the structure H—SO, -, with essentially Ca, symmetry. 
An examination of the i.r. spectra of aqueous solutions 
of tetraethylammoniuin bisulphite and tetramethyl-
ammonium pyrosulphite indicates that the solutions 
contain a mixture of pyrosuiphite ion and bisulphite ion. 
It was not possible to convert the bisulphites to the 
corresponding pyrosuiphites by heating, according to the 
method used by Simon,' since the tetra-alkylammonium 
bisuiphites decompose below the temperature required 
for the conversion. 
EXPERIMENTAl, 
Tetvaeihylammonium BissdphiIe.—Excess of liquid sul.. 
phur dioxide was slowly added to 40% aqueous tetraethyl- 
ammonium hydroxide solution (100 ml). After 48 h, the 
resultant yellow solution was pumped to dryness to yield 
a white solid (Found: C. 453; H. 100; N. 6-55; SO,, 
30'25. C,HNO,S requires C. 45-5; H. 9-95; N. 6-65; 
R. M. Golding. J. CA.,,,. Soc.. 1960, 3711. 
" R. E. Johnson. T. H. Norris. and J. L. Huston, J. Amer. Chem. Soc.. 1951, 73, 3052. 
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SO,. 3035%). Similarly prepared were lelra-n-butyl-
ommonium bisuiphise (Found: C, 5925; H, 111; N, 45; 
SO,, 196. C, •H,,NO,S requires C. 594; H, 11•4; N, 
435; SO,, 19.8%), tetro.-n-amylammonium bisuiphile 
(Found: C,640; H, 11'85; N,8•5; SO,, 169. C,$HUNO,S 
requires C, 63.35; H, 11.9; N, 37; SO,, 16.9%), and 
tetra-n-f.n-opyiammonium fyrosidØite (Found: C, 55; H, 
107; N, 55; SO,, 1225. CH,.N,O,S 1 requires C, 558; 
H. 1086; N, 54; SO2 , 12'4%). 
Physical Measuremesds.-1.r. spectra were recorded on a 
Perkin-Elmer 457 grating spectrophotometer as Nujol  
2003 
mulls. Since the compounds handled were moisture-
sensitive, the mulls were prepared by grinding the solids 
finely and mixing them with sodium-dried Nujol in a dry 
bag. The mull was placed between potassium bromide 
discs, and a lead washer (0.05 mm thickness) used to provide 
a seal to exclude atmospheric moisture. 
Sulphur dioxide was determined by titration of the 
bisuiphite with iodine. Carbon, hydrogen, and nitrogen 
were determined by Mr. A. Hedley of this department. 
j2 /I 44  Reaived, 241h Januaiy. 1972) 
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SOME STUDIES ON ANHYDROUS COBALT SULPHITE 
R. MAYLOR, J. B. GILL and D. C. GOODALL 
School of Chemistry, The University, Leeds LS2 9JT. England 
(Received 23 October 1970) 
Abstract-Cobalt(II) iodide reacts with tetramethylammonium pyrosuiphite in acetone, yielding an 
impure form of anhydrous cobalt(Il) suiphite, which on treatment with sulphur dioxide in ethanol 
forms a I: I adduct of cobalt sulphite with ethanol. The I : I adduct can be decomposed on heating to 
a 2: I adduct of cobalt suiphite with ethanol. Acetylacetonato-cobalt(ll) reacts with tetramethyl-
ammonium pyrosulphite to form an adduct to cobalt sulphite with tetramethylammonium pyrosulphite 
and ethanol. The properties of the compounds have been investigated using thermogravimctrjc and i.r. 
measurements. The diffuse reflectance spectrum and magnetic susceptibility of the I: I cobalt sulphite-
ethanol adduct have been measured. 
INTRODUCTiON 
IN RECENT years much attention has been paid to the preparation of anhydrous 
inorganic salts, in particular the anhydrous transition metal nitrates. Many of 
these anhydrous salts show remarkable properties, and they usually differ 
significantly in nature from the corresponding hydrated compounds. The present 
work is concerned with the preparation of anhydrous cobalt(l1) suiphite as an 
example of a transition metal suiphite. 
RESULTS AND DISCUSSION 
Our studies indicate that it is essential, in all the experimental work with 
anhydrous metal sulphites, to exclude water and oxygen. Suiphites are oxidized 
quite readily in air, and absorb water from the atmosphere. Water cannot be 
removed from the hydrated cobalt(II) suiphite, CoSO 3•2'5H 20 by any conven-
tional method. Treatment with a dehydrating agent such as thionyl chloride only 
results in the suiphite being destroyed by the acidic medium. The salt could not 
be dehydrated with 2,3-dimethoxypropane, an agent which normally shows a 
great affinity for water. Study of the thermal decomposition by means of a 
thermogravimetric balance shows that the salt begins to lose water at 1800,  and at 
280° roughly 2 moles of water have been lost. However, at this point, the salt 
begins to lose sulphur dioxide before the water has been entirely removed. 
Decomposition to cobalt oxide then occurs progressively as the temperature is 
increased to 850°. 
The main approach to the preparation of anhydrous cobalt suiphite lay in 
metathetical reactions carried out in non-aqueous solvents. Tetramethyl-
ammonium pyrosulphite was employed as a source of suiphite, since this com-
pound is soluble in a few non-aqueous solvents. We repeatedly failed to prepare 
tetramethylammonium sulphite as described by Jander[l]. Our preparations 
yielded only the pyrosuiphite. In using the pyrosuiphite for the preparations of 
I. G. Jander, Die Chemie in Wasserdhnlichen Lösungsmi:teln. Springer-Verlag, Berlin (1949). 
1975 
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transition metal sulphites, it did not seem clear whether the preparations would 
result in the formation of the metal sulphites or the pyrosulphites, since the 
sulphite-pyrosuiphite conversion may depend on a number of factors, such as 
the nature of the bonding of the acidic group to the metal, the electropositive 
character of the metal, or the presence of solvent molecules in the coordination 
sphere of the metal. 
On treating excess anhydrous cobalt(ll) iodide with tetramethylammonium 
pyrosulphite in acetone, a purple solid was formed, whose cobalt content was 
less than that required for the formula CoSO 3 . On heating this at I 300  in a vacuum 
pistol at I Ø_4  mm for ISO hr, a substance was obtained which had a cobalt 
content corresponding to that required for the formula CoSO 3 . The substance was 
still contaminated with organic matter, probably in the form of occluded tertiary 
amine arising during the thermal decomposition of tetramethylammonium 
pyrosuiphite. The substance was shown to contain sulphite or pyrosulphite, since 
sulphur dioxide was released on addition of acid. 
The crude cobalt sulphite could be sublimed in low.yield in vacuo onto a cold 
finger. However, the sublimed material, which was amorphous, did not give 
satisfactory reproducible analytical results. The sublimation is complicated by 
the fact that decomposition of the sulphite to oxide occurs at the sublimation 
temperature (ca. 300°/10 -  mm). The cobalt sulphite is insoluble in all solvents 
except dimethylsulphoxide, in which it dissolved only very slightly, forming a blue 
solution. It was rapidly hydrolyzed in air, turning pink. 
When dry sulphur dioxide gas was passed into a suspension of cobalt sulphite 
in ethanol, a pink solution was formed after some time. On evaporation of this 
solution, a purple-blue crystalline solid was obtained, the analysis for which 
corresponded to the formula C 2 H5OHCoSO3. This compound was insoluble in 
all solvents, including dimethylsuiphoxide. It was not as readily hydrolysed as the 
crude cobalt sulphite. The compound has a magnetic moment of 46 B.M., which 
showed only a very slight variation with temperature. The solid reflectance 
spectrum shows two broad peaks with maxima at 528 nm and 595 nm. These 
figures suggest that the divalent cobalt in the compound may occupy a tetrahedral 
site. The thermal decomposition curve for C 2 H5OH'CoSO3  showed that the 
compound begins to lose ethanol at 1100.  Over the range 200-320°, a new 
compound with formula C2 H5OH•2CoSO3  could be identified. This compound was 
prepared from C 2 H5OH•CoS03 by heating the latter in vacuo. On heating 
C2 H 5OH2CoSO3  above 320°, progressive decomposition occurred, the oxide 
being finally formed. The insolubility of the compounds prevented any molecular 
weight or conductivity measurements from being carried out. 
I.R. bands are recorded in Table I. The spectra of all the compounds in the 
region 1200-400 cm' consist of a number of very broad bands which do not 
compare well with any values known for ionic sulphites[2]. It may be concluded 
that sulphite does not exist as an ion in any of the cobalt compounds investigated. 
The behaviour of cobalt sulphite with sulphur dioxide in ethanol poses an 
interesting problem. In methanol and dimethylsulphoxide similar effects were 
observed, although in the case of methanol, a pure adduct could not be obtained. 
2. K. Nakamoto, Infrared Spectra of Inorganic and Coordination Compounds 2nd Edn. p.  94. Wiley 
(1970): and references therein. 
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Table I. l.R. bands of cobalt sulphites (cm - ') 
"CoSO," CoSO3 25 H 20 C HOH CoSO3 C2 H5OH2CoSO3 C5 H5OH (NMe4 )2S205 •CoSO3 
430s (SO') 
465w 450w 465w 472w 460m 
505s(5 205 - ) 
532w 515m 565sh 535w 520w 
550s (S20 2 ) 
574s (S2O) 
600sh 610m 
648s 645s 645s 642m 640m 





950vs 965s 920sh 915s 970m 
986s 
1020s 1020w l000sh 
1040m 
1060s (S205 ) 
II 20s 
1200w 1150w IlSOsh 
All spectra were recorded in Nujol. All bands were broad or very broad. s = strong: m = medium: 
w = weak; vw = very weak; sh = shoulder. 
When cobalt sulphite was suspended in water, it became red, presumably owing 
to the formation of the hydrate. Passage of sulphur dioxide gas took the hydrate 
into solution, probably. as the bisulphite. It has been hitherto assumed that the 
reverse process, namely the precipitation of hydrated cobalt suiphite, occured 
following the decomposition of an aqueous solution of cobalt bisulphite[3]. 
Sulphur dioxide does not react with a suspension of cobalt sulphite in ether, 
acetone, ethyl acetate, acetonitrile or nitromethane. 
The physical properties of cobalt suiphite indicate that it may be a polymeric 
substance. The solubilizing effect of sulphur dioxide in certain solvents suggests 
that the action of sulphur dioxide may be to break the polymer down to a simpler 
molecule, which then passes into solution as an adduct with the solvent. The 
significance of the donor properties or dielectric constant of the solvent is 
not clear. 
It would be interesting to know whether the sulphur dioxide takes cobalt 
suiphite into solution as pyrosuiphite or as suiphite. Efforts to identify pyro-
sulphite or suiphite in the solution by i.r. spectroscopy were unsuccessful, since 
the solvent absorbs strongly in the regions where sulphite or pyrosulphite bands 
are normally observed. It has been observed that anhydrous cobalt(ll) chloride 
reacts with tetramethylammonium pyrosulphite in cold ethanol to form tetra-
methylammonium tetrachlorocobalt(ll). which precipitates from a purple solution. 
3. Omelin, Handbuch der Anorganischem Chemie p. 627. 8 Auflage, Kobak Teil A (1961). 
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It seems probable that the remainder of the cobalt is present in this purple 
solution as pyrosuiphite, according to Equation (I) 
2CoC12 + (N Me4)2S205 - (NMe4 )2CoCl4 + CoS2 O5 . 	( I ) 
It may be that the pink solutions contain cobalt as pyrosulphite in the form of an 
adduct with the solvent. Evaporation of the solution yields only a purple adduct of 
cobalt sulphite with the solvent, and it could be that the cobalt-sulphite system 
is only stable in the form of a solid. 
Other metathetical reactions were carried out in an attempt to prepare pure 
anhydrous cobalt suiphite. Tetramethylammonium pryosulphite reacts with 
tetramethylammonium tetrabromocobalt(ll) in ethanol, forming a purple sub-
stance whose cobalt analysis corresponded approximately to that required for 
CoSO3. It was not possible to purify this material, which in every way seemed 
similar to that prepared in the first experiment. Anhydrous cobalt(ll) chloride 
reacted with tetramethylammonium pyrosulphite in refiuxing ethanol to form 
crude cobalt sulphite as a purple precipitate having the properties already 
described. When the same reaction was carried out at room temperature, the 
cobalt precipitated as tetramethylammonium tetrachlorocobalt(l I) leaving a blue 
solution, which on evaporation yielded C 2 H 5OH CoSO3. Acetylacetonato-
cobalt(lI) reacted with tetramethylammonium pyrosulphite to give alow yield of a 
pale blue solid whose analysis indicated the formula C 2 H 5OI+(NMe4 ) 2 S205 • 
CoSO3 . The i.r. spectrum indicated the presence of tetramethylammonium 
pyrosulphite. The compound is insoluble in all common solvents. 
In an attempt to add ligands to cobalt suiphite, the sulphite was suspended in 
pyridine or ethylenediamine. Some. reaction occurred in suspension. With 
pyridine, a substance with formula corresponding approximately to CoSO 3 • 
2C5H5N was obtained but no pure compound was isolatable. 
EXPERIMENTAL 
All operations were carried out in a closed system under dry nitrogen. Nitrogen was dried by 
passing the gas through concentrated sulphuric acid. Sulphur dioxide was dried by passing the gas 
through concentrated sulphuric acid and phosphorus(V) oxide. Filtrations were carried out under a 
nitrogen stream, using a sinter-tube. Tetramethylammonium pyrosuiphite was prepared according to 
the method of Norris et al.[4]. Anhydrous cobalt(l1) iodide was prepared by treating cobalt(ll) 
carbonate with 66% hydnodic acid, A. R. Grade, and drying the hydrate so obtained in a vacuum 
desiccator over phosphorus( V) oxide for 2 weeks. 
Cobalt(!I) 5Ulphitf. Cobalt( It) iodide (II '05 g) was refiuxed with tetramethylammonium pyro-
sulphite (7'1 g). added in l-g portions, finely powdered, in dry acetone (250 ml) for 30 hr. The blue 
product was filtered and washed with acetone until the filtrate was colourless, and then dried with 
ether (2 X 10 ml). The product was dried by suction for 3 hr, washed by repeated decantation with 
liquid sulphur dioxide until the wash liquid remained colourless, and finally dried at I 30/ I O mm 
(Found: Co. 42'1. CaIc. for CoO,S Co. 42'3). 
C2 H50HCoSO3 . Cobalt sulphite (0'4g) was suspended in dry ethanol (30 ml). Sulphur dioxide 
gas was passed into the suspension for 10 mm. The solution was allowed to stand for 24 hr. whereupon 
it became pink. A small amount of white solid was filtered off. The solution was evaporated under 
nitrogen and became more intensely blue as the solution became more concentrated. Further small 
quantities of white solid were removed from time to time. When - 0-5 ml of solution remained, it was 
4. R. E.Johnson.T. H. Nomsandi. L. Huston.J.Am.chem.Soc.73, 3052(1951). 
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allowed to stand for 3 days. A purple crystalline solid separated. The mother-liquor was decanted 
under nitrogen, and the solid pumped for 2 hr. (Found: C. 13'25: H. 3'2: Co. 317. Caic. for 
C2 H6CoO4 S: C. 130: H. 325: Co. 319). 
C2 H5 OH2CoSO3 . C2 H 50HCoS03 (0'2g) was placed in a vacuum pistol under nitrogen at 
100/10_ 2  mm for 6 hr. The product, which was crystalline, showed satisfactory analytical results 
without further purification. (Found: C. 765: H. 175: Co. 365. Calc. for C,HCo 2 O7S1 : C. 74; 
H. 185: Co. 364). 
C2 H 5OH (N Me 40202 CoSO3 . Acetylacetonatocobalt( II) (044 g)[5). was dissolved in dry toluene 
030 ml) and added to a solution of tetramethylammonium pyrosulphite (0'82 g)  in ethanol (80 ml). 
This solution was refluxed for 20 hr. A small amount of very pale blue solid was filtered off. Ether was 
added to the filtrate until a slight turbidity was produced. After 24 hr. a pale blue precipitate formed. 
The product was filtered, washed with ether (2 X 10 ml) and pumped for 3 hr at 10-2  mm. The solid was 
then refluxed in suspension in ethanol (25 ml) for 10 hr. filtered off, and pumped for 5 hr at 10-2 mm. 
(Found: C.2575: H.6'4: Co. 12'15. CaIc. forC 10 HCoN 2 O9S3 : C.25'lS; H.63S: Co. 12•35). 
Physical measurements. l.R. spectra were recorded on a Perkin-Elmer 457 grating spectrophoto-
meter in dry Nujol. The solid reflectance spectrum was recorded on an S.P. 700 spectrophotometer 
fitted with diffuse.reflection attachment SP 735. Magnetic measurements were carried out using a 
Gouy balance. Thermogravimetnc curves were obtained using a Stanton thermobalance. 
Analysis. Cobalt was determined spectrophotometncally as tetrachloro-cobalt(Il). Carbon. 
hydrogen, nitrogen and sulphur were determined by Mr. A. Hedley of this department. 
5. Inorganic Symihesis Vol. Xl. p. 83. McGraw-Hill, New York (1968). 
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An Unusual Oxidation of Cobalt(n) and Nlckel(li) Suiphites involving Sulphur 
Dioxide In a Non-aqueous Medium 
By R. MAvI.OR. J. B. GILL. and D. C. GOODALL 
(School of Chemistry. The Unit ersity. Leeds LS2 9JT) 
Summary The oxidation of anhydrous cobalt(ri) and 
nickel(ri) sulphites to the corresponding pyrosulphates 
with sulphur dioxide and dirnethyl suiphoxide is described. 
FOLLOWING the preparation of CoSO 5 and NiSO, from the 
corresponding metal iodides and tetramethylammonium 
pyrosuiphite,' we have discovered that a mixture of sulphur 
dioxide and dimethyl suiphoxide oxidizes these transition. 
metal sulphites to the corresponding pyrosulphates, 
according to reaction (I). Neither cobalt nor nickel 
MSO,—.MS,O,'6Me,SO (M Co. Ni) 	 (1) 
sulphite dissolves in liquid sulphur dioxide or in dimethyl 
suiphoxide alone. It is important, therefore, to consider 
the steps involved in the conversion of sulphite into pyro-
sulphate. 
The properties of CoSO, and NiSO, suggest that they are 
essentially covalent compounds. The i.r. spectra of both 
compounds are shown in the Table. No bands are present 
Jr. bands of cobalt suiphite and nickel sidpkits (cm) 
CoSO,: 165w, 532w, 648,, 950vs, 1020,, 1200w. 
2I1SO,: 165w, 532w, 650s, 948v,, 10209, 1195w. 
The spectra are recorded in Nub!. All bands are broad or 
very broad. 
which might be associated with an ionic metal sulphite.' 
The general insolubility of the compounds in a wide range 
of solvents has so far prevented molecular weight and 
Conductivity measurements from being made. In par. 
tCular, the nature of the bonding of the sulphite group to 
Cobalt in CoSO, may be complicated, since both the sulphur 
and the oxygen atoms may be involved. 
Since both SO, and Me,SO are required before CoSO, is 
brought into solution, a likely process seems to be the 
Lnitial conversion of CoSO, into CoS,Ov a species thought 
to exist in ethanolic solution, 1 and which probably exists in 
'de,SO as a solvated molecule. The next step is probably a 
direct oxidation to the pyrosuiphate. 
The pyrosulphite group was considered originally to 
have One of two possible structures (I) and (II) and most 
SCent evidence' favours structure (I). The oxidation of 
CoSO, and NiSO, to the corresponding pyrosuiphates on 
treatment with SO, and Me,S0 is to be contrasted with the 
reaction of Na,SO, with SO, and Me,SO. In the latter case, 
no oxidation occurs, and Na,SO, is converted only into the 
pyrosulphite. The different reactions may be attributed to 
the difference in bonding between suiphite and an alkali 
metal, and sulphite and a transition metal, which in the 
latter case is likely to be more covalent. Covalent bonding 
0__11 	
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of sulphite to cobalt or nickel will lead to an increase in the 
electropositive character of the sulphur atom in comparison 
with ionic sulphite, irrespective of whether sulphite is 
covalently bound to the transition metal through oxygen, or 
sulphur, or both. Should this be the case, then it would seem 
that in the presence of sulphur dioxide, the transition-metal 
sulphites probably form transition-metal pyrosulphites by 
complexation with sulphur dioxide, involving pyrosuiphites 
having structure (II). These are sufficiently covalent to be 
oxidized by Me,SO to the corresponding transition-metal 
pyrosulphates, which are ionic, and the Me,SO is reduced to 
dimethyl sulphide. Our evidence suggests that pyrosulphite 
is oxidized by Me,SO to pyrosulphate. only when it is co-
valently bound to a transition-metal ion. It is thought 
that pyrosulphite having structure (II) may be involved, 
since oxidation of structure (I) to pyrosulphate would 




CHEMICAL CoMMUNIcATIoNs, 1971 
The oxidation products. CoS,O,.6Me,SO and NiS,O,6- that the metal was in each case octahedrally co-ordinated 
Me,SO, were obtained as cryst.alline compounds from Me,SO by Me,SO, and that the compounds are ionic. Satis. 
solutions. Their solid re8ectance spectra were similar to factory elemental analyses were obtained and qualitative 
those observed for their solutions in Me,SO, and they, tests for pyrosulphate were all positive. 
together with magnetic moment measurements. indicated 	
(Recei.ed, March 261h, 1971; Co,n. 406.) 
R. Maylor, J. B. Gill, and D. C. Goodall, J. Inorg. Nv.tiear Chem., 1971, in the press. 
* K. Nakamoto, "Infrared Spectra of Inorganic and Coordination Compounds," 2nd edn., Wiley. 1970, p. 94. and references therein. 
$ A. W. Herlinger and T. V. Long. Jworg. Chein.. 1969. 8. 2661. 
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Anhydrous Transition-metal Suiphites. Part 11.1 Preparation of An-
hydrous Cobalt(si) and Nickel(u) Suiphates and Pyrosuiphates by Oxidation 
of Anhydrous Cobalt(li) and Nickel(ii) Suiphitos, using the Mixed Non-
aqueous System Dimethyl Suiphoxido-Suiphur Dioxide 
By B. Mayler, J. B Gill. and D. C. Goodall, School of Chemistry. The University. Leeds LS2 9JT 
Dimethyt suiphoxide in the presence of sulphur dioxide oxidizes anhydrous cobalt(ii) and nickel(ll) suiphites to the 
corresponding pyrosulphates, which are obtained as the crystalline dimethyl sulphoxide complexes. Co(dmso),S,O, 
and Ni(dmso),S,O,. Thermal decomposition of the complexes leads to the formation of anhydrous cobalt(tl) 
and nickel(ll) pyrosuiphattis and anhydrous cobalt(ll) and nickel(ii) suiphates. The constitutions of the products 
have been investigated by analytical. spectroscopic, and magnetic techniques, and the mechanism of the oxidative 
process discussed. 
A RECENT communication' reported the oxidation of 
anhydrous cobalt(u) and nickel(u) suiphites to the 
corresponding solvated pyrosulphates, using dimethyl 
sulphoxide and sulphur dioxide. This paper describes 
the preparation of anhydrous cobalt(11) and nickel(u) 
pyrosuiphates and suiphates, all of. which are obtained 
by thermal decomposition of the solvated pyrosulphates. 
Cobalt(ii) sulphite and nickel(n) suiphite, prepared 
by refiuxing the anhydrous metal iodides with tetra-
methylammonium pyrosuiphite in acetone, were treated 
with a mixture of dimethyl suiphoxide (DMSO) and 
sulphur dioxide. Both cobalt(ii) suiphite and nickel(ti) 
suiphite are insoluble in dimethyl sulphoxide and in 
liquid sulphur dioxide alone. However, if sulphur 
dioxide gas is passed through a suspension of cobalt(u) 
sulphite in dimethyl suiphoxide, the blue solid dissolves 
to give an orange-red solution, from which a pink 
crystalline solid can be isolated. Analytical results, 
i.r. spectra, and chemical tests indicate a solvated pyro-
sulphate of composition CoS,0 7,6DMSO. When sulphur 
dioxide gas is passed through a suspension of nickel(ri) 
sulphite in dimethyl sulphoxide, the yellow solid dis-
solves to give a yellow-green solution, from which a 
green crystalline solid, NiS,0 7,6DMS0, can be isolated. 
These solvated pyrosuiphates are very hygroscopic 
solids. They dissolve 'readily in water, but, as in the 
case of the alkali metal pyrosulphates, the pyrosuiphate 
ion is probably hydrolysed to bisulphate. They are 
quite soluble in dimethyl suiphoxide (CoS,07,8DMS0.> 
35 g l', NIS,0,,613MSO > 40 g 11). The complexes 
are insoluble in acetonitrile, nitrobenzene, benzene, 
acetone, and diethyl ether. 
Previous work on cobalt(il) and nickel(ii) pyrosul-
phates has been limited to a preparation of nickel 
pyrosulphate, which was identified as a product from 
the reaction of sulphur trioxide on nickel trifluoroacetate 
in trifluoroacetic acid;' the analogous reaction with 
cobalt tnfluoroacetate yielded only cobalt sulphate. 
The i.r. bands of the complex pyrosuiphates are shown 
in Table I. The S-O stretching frequency in dimethyl 
sulphoxide is at 1053 cm'. In the complexes, if the 
bands at ca. 1000 cm' are assigned to the S-O stretching 
frequencies, there is a shift of 54 cmt when di- 
Part 1, R. Maylor. J. B. Gill, and D. C. Goodall, J. Inoa'g. 
Nude., Chem., 1971. 33, 1975. 
R. Maylor. J. B. Gill. and D.C. Goodall. Che,a,. Comm., 1971, 
.571.  
methyl sulphoxide co-ordinates to cobalt and 53 cm' 
when dimethyl sulphoxide co-ordinates to nickel. 
The shifts, in both cases, are to lower frequencies com-
pared to the ifree ligand and indicate co-ordination to 
TABLE 1 
Infrared bands of cobalt and nickel pyrosuiphates (cm') 
Assign 
Co(dmso),S,O, • CoS,O, Ni(dmso),S,O,. NiS,O, ment 
430s 440m 	440s 	440m DMSO, 
579s 670s 	5805 	5733 





830s SSOs 	835s 	850s S,0, 2- 
890w . 	 890w 
902w 902w 
9455 942s DMSO 
999s 10005 
lOSSa 1070s 	10569 	10683 
1152s 11553 1152s 11553 SZOT  1248s 1246s ~DMSO 1321s 1320s 1405sh 14069 
When dimethyl sulphoxide acts as a ligand it is abbreviated 
to dmso, when free or used as a solvent to DMSO. 
the metal through oxygen. If the decrease in the 
strength of the S-O bond is taken as a measure of 
the increase in the oxygen-metal bond strength, then 
it would appear that the similarity in S-C) stretching 
frequencies of the two complexes implies comparable 
bond strengths. Thermogravimetric studies also sup-
port this conclusion. The asymmetric C-S stretching 
frequency is shifted from 697 cm' in dimethyl sulphoxide 
to 716 cnr' in both complexes. However, shifts to 
higher wave numbers are found even when dimethyl 
sulphoxide is bonded to the metal through sulphur 
and therefore no significance can be attached to the 
increase with respect to distinguishing between the two 
possible modes of co-ordination. 
Comparisons •of the spectra of cobalt and nickel 
pyrosulphates with the spectrum of anhydrous potas-
sium pyrosulphate and the reported spectrum of sodium 
pyrosulphate' clearly indicate the presence of the 
pyrosulphate ion. The spectral bands of the complex 
pyrosuiphates in the visible and near is. regions are 
shown in Table 2. The diffuse reflectance spectrum 
* G. S. Fujioka and G. H. Cady, J. .4 mer. Chem. Soc., 1957. 79. 24.51. 
A. Simon and H. Wagner. Z. anorg. Chem.. 1961. 811. 102. 
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and the solution spectrum of the nickel complex are 
very similar. Comparisons with reported spectra of 
nickel(n) compounds having known octahedral stereo-
chemistry lead to the conclusion that the nickel is in an 
essentially octahedral environment. The effect of 
dissolved sulphur dioxide is negligible, as shown by a 
comparison of the spectra of Ni(dmso)S,0 7 in dimethyl 
sulphoxide and in a dirnethyl sulphoxide-sulphur di-
oxide mixture. For nickel(ii) octahedral complexes, 
the crystal field splitting parameter. A o, can be obtained 
directly from the spectrum. 5 From Table 2 it can be 
seen that the Ao value towards nickel(n) is 7810 cm 1 . 
It is usually found that the A, values in solution are 
smaller than in the solid.6 and this is the case for Ni-
(dmso)S,O7. where AO (solution) = 7810 and 4 (solid) 
= 8000 cin. 
TABLE 2 
Spectral bands of cobalt and nickel pyrosulphates in the 
visible and near jr. region 
Diffuse reflectance spectra 
Compound 	 Assignment 
Co(dmso) 4S10, 8000 'T1 (F) —0.' 'T,(F) 
	
16.390 	'T(F) —o- 1A 1 (F) 
19.220 'T(F) -. 'T5(F) 
20.830 
CoS 5O, 	 7907 	'T1(F) —*. 'T 5(F) 
15.160 'T 1(F) —o.. 'A 5(F) 
19.600 	'T1(F) —4.- 'T1(P) 
20.480 
NI(dmso) 5S,O, 	 8000 	'4 ,(F) —o- 'T,(F) 
13.170 'A 5(F) -0- 'T 1 (F) 
14.290 	'4 1(fl —0- *T 1(F).1E 
21.050 sAF)..'T1 
24.240 	'A F) —o-- 'T(P) 
N1S1O, 	 7770 'A F) —*. 'T,(F) 
12.990 	'A 5(F)—.- 'T 1 (F) 
14.290 'A,(F)-- 'T1(F).'R 
23.810 	'A 5(F).—o- 'TI(P) 
Dimethyl suiphoxide solution spectra 
Compound 	 e. • 	Assignment 
Co(dmso),S50, 7260 2.33 'T(F) —0' 4 7'1(F) 
14.500 0-635' 4 T(I)-.-..-..ø- 1A 1(F) 
18.690 11-30' 'T 1(F) —o- 'T1 (P) 
20.830 5-70' 
Ni(d!nso),S 10, 	7810 	3-48 	'4 5(F)—o.. 'T5(F) 
12,940 3-58' 8A 5(F)-0-- 'T1(F) 
14.390 	2-48' l4(F)_'T1(fl'E 
20,830 1.06' 'A 1(F)—o- 'T 
24,100 1011 	'A(F) -- 'T(P) 
eGiven in I mol' cm. ' Apparent extinction coefficient. 
Equivalent to A., the crystal field splitting parameter. 
The diffuse relectance spectrum and the solution 
spectrum of the cobalt complex are very similar. 
Comparisons with the reported spectra of cobalt(u) 
compounds having known octahedral stereochemistry 
indicate that the cobalt is in an essentially octahedral 
environment. There is a small difference between the 
solid state spectrum and the spectrum in dimethyl 
sulphoxide solution, and this would seem to indicate 
a certain amount of distortion of the octahedral arrange-
ment of six dimethyl sulphoxide molecules around the 
cobalt in the solid state. As with the solution spectrum 
for the nickel complex, there is no evidence to suggest 
C. J. Ballhausen. Kg!. Da,ishs Vid.esshab. Sthhsb. MeL Fys. 
Medd., 1965, 29. No. 8.  
535 
that the presence of dissolved sulphur dioxide alters the 
spectrum in any way. 
Conductivity measurements were undertaken on 
dimethyl sulphoxide solutions of the complexes. The 
molar conductivities of the complexes were, respectively, 
76-5 fl' cm1 mot' for Co(dmso)S,0 7, and 77-2 fl 1 
cur' mol' for Ni(dmso) 5S107. •These values indicate 
the presence of the ions M(dmso) 55 and S107 . 
Room-temperature magnetic moments for the com-
plexes are shown in Table 3, along with values for the 
Weiss constant, 0. Both complexes have gffl . and 0 
TABLE 3 
Magnetic measurements on the dimethyl sulphoxide 
complexes 
Complex 	jB.M. 	T/K 	0I,c 
Co(dmso).S 10, 4-78 301 9-5 
Ni(dmso),S10, 	3-21 	 299 	2 
values which are consistent with the metal ion being 
in an octahedral environment. 
It is important to consider the steps involved in the 
oxidation of stilphite to pyrosuiphate. As one of the 
products of the reaction is dimethyl sulphide, the di-
methyl sülphoxide is clearly acting as an oxidizing 
agent and not merely as an inert solvent. Although 
no case seems to have been reported where dimethyl 
suiphoxide has oxidized an inorganic anion, the oxidizing 
properties of dimethyl suiphoxide have been used in 
organic chemistry for some time. Except possibly at 
very high temperatures. dimethyl sulphoxide cannot 
oxidize cobalt sulphite in the absence of sulphur di-
oxide. Solutions of cobalt sulphite in dimethyl sulph-
oxide, prepared by heating to 1400,  contain little, it 
any, cobalt sulphate, and a compound of formula 
CoSO5,2DMSO. established by analysis, can be isolated 
from the solution. l.r. studies and chemical tests con-
firm that this compound is a sulphite. Similarly, the 
undissolved residue, left from the preparation of the 
cobalt sulphite solution, is mostly unchanged cobalt 
sulphite. 
When sulphur dioxide is passed into a suspension of 
anhydrous cobalt sulphate (prepared by heating the 
heptahydrate at 400°) in dimethyl sulphoxide, some of 
the solid dissolves, forming a pink solution. When this 
solution was filtered, and diethyl ether added to the 
filtrate, pink crystals of Co(dmso) 5S507 were obtained. 
Anhydrous sodium sulphite is not oxidized to sodium 
pyrosulphate by dimethyl suiphoxide and sulphur 
dioxide. When sulphur dioxide was passed through a 
suspension of sodium sulphite in dimethyl sulphoxide. 
the solid did not dissolve, and i.r. studies and chemical 
tests indicated that most of the sodium sulphite had 
been converted to sodium pyrosulphite. These results 
suggest that pyrosuiphite is a likely intermediate in the 
conversion of MSO3 (M = Co or Ni) to MS,07, and that 
the nature of the metal has a profound effect on the 
course of the reaction. 
* P. van Leeuwen and W. L. Groeneveld, Ret. Tree, cAirn. 
1967. 88. 1219. 
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Sulphite and sulphur dioxide readily form pyro-
sulphite, in which sulphur dioxide acts as an electron 
acceptor, i.e. '-os: -,- so1. m, the presence of 
sulphur dioxide in the dimethyl suiphoxide would be 
expected to promote pyrosulphite formation, and the 
isolation of sodium pyrosuiphite from the suspension 
of sodium suiphite in the dimethyl suiphoxide-suiphur 
dioxide solvent mixture is evidence for this. However, 
the structures of the pyrosulphite ion (I) and the 
pyrosuiphate ion (II)' are known, and are quite 
different: 
1000-> s(0]
r 	,  
- 	 O—S—O--S—O I 
	
L0' 'oJ 
(1) 	 (U) 
[:>_o_<:]2 	
s_o_s(: 
c o\S'o  SO 
0' 	o 
(v 
The formation of pyrosulphate by the oxidation of the 
pyrosulphite ion of C. symmetry would involve breaking 
the S-S linkage. Although this is possible, further 
difficulties arise when postulating a mechanism to 
account for the formation of pyrosuiphate from cobalt 
sulphate, and in this case the only. suitable inter-
mediate species would be one with an S-O-S linkage. 
A more likely explanation of the oxidation is possible 
if an intermediate pyrosulphite species with an S-O-S 
linkage (III) is considered to be formed. Although a 
pyrosulphite structure with an S-O-S linkage has been 
shown to be incorrect for the free anion, 10 the presence 
of free pyrosulphite ions in the dimethyl sulphoxide 
solution is not necessary for any postulated mechanism. 
Thus a transitionary pyrosulphite of cobalt or nickel 
could have an S-O-S linkage if there was a large measure 
of covalent bonding between the pyrosuiphite and the 
metal. Such an intermediate (IV) could be formed 
where a sulphur dioxide molecule has acted as an 
acceptor and the cobalt suiphite as a donor species. 
This intermediate is then oxidized by two dimethyl 
suiphoxide molecules to form the pyrosuiphate. With 
this mechanism, the observed conversion of cobalt 
sulphate to pyrosulphate is also easily explained and no 
rearrangements need be postulated; an intermediate 
(V) could be formed, where once again a sulphur dioxide 
molecule acts as an acceptor. This intermediate 
only requires to be oxidized by one dimethyl sulphoxide 
molecule to give the pyrosulphate, compared with two 
dimethyl suiphoxide molecules for anhydrous cobalt 
l S. Zachariaaen, PAys. Rev.. 1032, 40. 113, 923. 
I. Lindqvist and M. MSrtseU, Ada CrysS, 1967. 10. 406.  
J.C.S. Dalton 
or nickel suiphites. The involvement of a pyrosulphite 
intermediate having an S-O-S linkage in the oxidative 
process seems all the more likely, since sodium suiphite 
cannot be converted beyond the pyrosulphite stage. 
Presumably this is because it contains pyrosulphite 
having the S-S linkage, which apparently resists oxid-
ation by dimethyl sulphoxide. 
Another possible mechanism for the oxidation of 
sulphite to pyrosulphate is that which involves insertion 
of sulphur dioxide between the transition metal and 
sulphite. The compound of formula C0SO3 .2DMSO 
formed when cobalt sulphite dissolves in dimethyl 
sulphoxide, is thought, from examination of its i.r. 
spectrum, to contain suiphiteas a bidentate group in the 
inner co-ordination sphere. A possible reaction of 
solvated cobalt sulphite with sulphur dioxide may occur 
as follows: 
0 





This mechanism is thought to be less likely than the 
mechanism first suggested, since it involves replacement 
of bidentate suiphite with monodentate sulphur dioxide. 
The thermal decomposition of Co(dmso),S,07 and 
Ni(dmso),S,O, has been studied up to 10000, The 
thermograms are very similar. Decomposition to 
unsolvated metal sulphate proceeds with the inter-
mediate formation of the unsolvated metal pyrosul-
phate. The existence of these intermediates has 
been confirmed by analysis and spectral studies 
Co(dmso),S,07  begins to lose dimethyl suiphoxide 
at 160°, and at 270°. CoS,O, is obtained. No evidence 
was obtained for any intermediate dimethyl sulphoxide 
complexes. Further heating results in the loss of 
sulphur trioxide, and cobalt sulphate exists from 320 
to 730°. Further heating leads to the formation of 
cobalt oxide. The decomposition temperature for cobalt 
sulphate is identical to the temperature indicated on a 
thermogram of CoSO4,7H2O. 
Ni(dmso),S,O, begins to lose dimethyl sulphoxide 
at 1500, and at 250°. NiS,07  is obtained. No evidence 
was obtained for any intermediate diniethyl sulphoxide 
complexes. Further heating results in the loss of sulphur 
trioxide, and nickel sulphate exists from 320 to 740°._ 
Further heating leads to the formation of nickel oxide. 
The anhydrous pyrosuiphates are very hygroscopic. 
The cobalt compound is obtained as a purple-pink 
amorphous solid, and the nickel compound as a pale 
green amorphous solid. The i.r. bands for anhydrous 
cobalt and nickel pyrosulphates are given in Table I, 
and the diffuse reflectance spectra in Table 2. The 
i.r. spectra indicate the presence of the pvrosulphate 
ion. The spectra of the two compounds in the visible 
H. Lynton and M. R. Truter, J. Chem. Soc.. 1960. 5112. 
" A. W. Herlinger and T. V. Long, Inorg. C?e,,,., 1969.8, 2661. 
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region suggest that the metal is surrounded octahedrally 
by oxygen atoms in the pyrosuiphate group. The 
situation is probably similar to that which exists for 
the anhydrous metal suiphates. 
EXPERIMENTAL 
AU operations were carried out in a closed system under 
dry nitrogen. Nitrogen was dried by passing the gas 
through concentrated sulphuric acid. Sulphur dioxide 
was dried by passing the gas through concentrated sulphuric 
acid and phosphorus(v) oxide. Filtrations were carried 
out under a nitrogen stream, using a sinter-tube. An-
hydrous cobalt(u) sulphite was prepared as described 
elsewhere. 1 Anhydrous nickel(ii) sulphite was prepared 
in a similar way starting from anhydrous nickel(ii) iodide. 
The same difficulties were experienced in the purification. 
Sublimation proved to be of no value, as a method of 
purification, since the yellow amorphous compound is 
involatile, and decomposes to form nickel oxide at high 
temperatures. However, it is not necessary to use the 
pure sulphites for the subsequent oxidation with dimethyl 
suiphoxide. 
Co(dmso) 8S50,.—Cobalt(ii) sulphite (2.0 g) was added 
to freshly distilled dimethyl sulphoxide (60 ml) and sulphur 
dioxide passed through the suspension for 10 ruin. The 
orange-red solution was filtered and ether (60 ml) added to 
the filtrate.. A pink crystalline solid precipitated. After 1 h 
the product was filtered off, washed with diethyl ether 
(5 x 20 ml), and pumped for 4 h (Found: C. 20'45; H, 
5•3; Co. 8'3; CaIc. for C15H,4O11SCo: C. 20'45: H, 
5'15; Co, 8.35%). 
Ni(dmso) 1S10,.—Nickel(ii) sulphite (1.8 g) was added to 
freshly distilled dimethyl sulphoxide (100 ml), and the 
method described above for the corresponding cobalt 
complex followed. The green crystalline solid obtained was 
pumped for 3 h (Found: C, 20'3; H, 5'3; Ni, 8'3. Caic. for 
CHuO11S.Ni: C. 20'45; H, 5.15; Ni, 8.35%). 
CoS1O,.—Co(dmso).S,O, (1.28 g) was heated to 275-
280 on a Stanton thermogravimetric balance, in an 
atmosphere of dry ,  nitrogen. The pink residue (0.40 g)  
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was transferred immediately to a dry.bag filled with 
nitrogen (Found: S. 27'0; Co. 255. CaIc. for O,S,Co: 
S. 27'25; Co. 25'1%). 
NiS5O,.—Ni(dmso) 4S,O, (1.41 g) was heated to 245-
255° on a Stanton thermogravimetric balance, in an 
atmosphere of dry nitrogen. The pale green residue 
(0'42 g) was transferred immediately to a dry-bag filled with 
nitrogen (Found: S. 269; Ni. 2485. Calc. for 0 7 S 1Ni: 
S,27'25; Ni. 25.1%). 
C0SO1,2DMSO.—Cobalt(ii) sulphite (0.1 g) was sus-
pended in freshly distilled dimethyl sulphoxide (100 ml). 
and the suspension heated to 140°. A purple solution 
was obtained. The cooled solution was filtered, and di-
ethyl ether added to the filtrate. A light blue amorphous 
solid precipitated (Found: C. 1575: H. 37: Co. 20'3. 
Calc. for C4H 1 O5S3Co: C. 16'25: H, 405; Co. 20-0%). 
The i.r. spectrum and chemical tests confirmed the presence 
of sulphite. 
Physical Measurentenis.-1.r. spectra were recorded on a 
Perkin-Elmer 457 grating spectrophotometer as Nujol 
mulls. Since the compounds handled were moisture-
sensitive, the mulls were prepared by grinding the solids 
finely and mixing them with sodium-dried Nujol in a dry-
bag. The mull was placed between potassium bromide 
discs, and a lead washer (0-05 mm thickness) used to pro. 
vide a seal to exclude atmospheric moisture. 
Spectra in the visible and u.v. region were recorded on a 
Unicam SP 700 spectrophotorneter. Solutions were pre-
pared, and the cells filled, under dry nitrogen. Diffuse 
reflectance spectra were obtained by using an SF' 735 
diffuse reflectance attachment. 
Magnetic measurements were carried Out using a Gouy 
balance. Thermogravimetric curves were obtained using a 
Stanton thermobalance, 
A iatysis.—Cobalt was determined spectrophotometrically 
as tetrachlorocobalt(u). Nickel was determined gravi-
metrically as dimethylglyoximatonickel(ti). C. H. N. and 
S were determined by Mr. A. Hedley of this department. 
[211296 Received, 81k fuse. 1972 
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STUDIES IN METAL SULPHITE CHEMISTRY-Ill 
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Abstrsct—Manganese(ll) iodide, iron(ll) iodide and copper(I) iodide each react with tetramethylammonium 
disulphite to. form anhydrous manganese(II) sulphite, iron(II) suiphite and copper(I) disulphite respectively. Iron(II) 
sulphite and copper(I) disulphite react with dimethylsuiphoxide-sulphur dioxide to form iron(Il) disulphate and 
copper(Il) disulphate respectively. Hydrated sulphites of manganese(II), iron(II), magnesium(II) and calcium(II) 
were also prepared. The properties of the sulphites were investigated using thermogravimetric and IR measure-
ments. 
INTRODUCTION 
In recent years considerable study has been devoted to 
the preparation of anhydrous inorganic oxyanion com-
pounds, many of which exhibit remarkable differences 
when comparison is made with the hydrated compounds. 
It is not clear how, and to what extent, the absence or 
presence of water of hydration affects the nature of the 
oxyanion in such compounds. Our studies relate to the 
preparation of anhydrous transition metal sulphites, few 
of which have been prepared and characterised,' and to 
some hydrated transitio'n and non-transition metal sul-
phites, in order to ascertain the influence of metal ion 
and water of hydration upon the characteristics of the 
oxyanion. 
RESULTS AND DISCUSSION 
Earlier studies' on anhydrous transition metal sul-
phites have shown that it is generally not possible to 
prepare them by thermal dehydration of the hydrates 
since water and sulphur dioxide are simultaneously lost. 
It is necessary to make use of metathetical reactions in 
non-aqueous media. The metal under study, in the form 
of its iodide salt, was treated with tetramethylammonium 
disulphite in acetone. Samples of manganese(ll) sulphite, 
iron(II) sulphite and copper(I) disulphite were prepared. 
These compounds are all extremely sensitive to air and 
water. As experienced in our earlier work,' it proved 
impossible to remove all traces of occluded tetramethyl-
ammonium salts. This difliculty arises on account of the 
extreme insolubility of the sulphites, which cannot thus 
be recrystallised or reprecipitated, and of the lack of a 
solvent which is suitable for the complete solution of the 
reactants. Anhydrous manganese(1I) sulphite may also be 
prepared by thermal decomposition of the hydrate, but it 
exists only within a small temperature range (310-370°), 
according to thermogravimetric studies referred to later; 
it is very unstable, and surface decomposition com-
mences very soon after the compound is formed, as a 
result of spontaneous loss of sulphur dioxide. 
However, for each of the anhydrous transition metal 
sulphites, the metal:sulphur dioxide ratio is in accord 
with the formula, and two of them were converted to 
pure disulphates on treatment with the mixed system 
dimethylsulphoxide-sulphur dioxide! It may be inferred 
from this that the original materials are essentially 
'Author to whom correspondence should be addressed  
anhydrous metal sulphite (disulphite in the case of cop-
per). Iron(II) sulphite gave rise to the formation of 
FeS207 6dmso3 and copper(1) disuiphite to the formation 
of CuS207 6dmso3. In the case of manganese(II) sul-
phite, an oily yellow product formed, which could not be 
characterised. 
The IR bands, shown in Table I, indicate that, in the 
anhydrous manganese(ll) and iron(II) suiphites, the sul-
phite group coordinates through oxygen to the metal, 
very likely in the form of bridging suiphite groups, 
especially in view of the extreme insolubility of the 
compounds, which indicates some high molecular weight 
structure which is likely to arise from such a bridging 
arrangement. Copper(I) disulphite is considered to con-
tain disuiphite covalently bonded to the metal. Its IR 
spectrum is similar in many ways to those of K 2S203 and 
(NMe4)2S205 , but it shows a complex series of bands in 
the region 700-400cm'. Two bands of medium inten-
sity, at 380cm' and 330cm, in the copper compound, 
which are not present in the spectra of K 2S203 or 
(NMe4)2S205 , probably arise from Cu-S or Cu-O bonds. 
It is clear that the sulphite groups in these anhydrous 
transition metal sutphites are not present as free ions.' 
Four hydrated sulphites were prepared, two containing 
main group metals and two containing transition metals, 
in order to ascertain what effects both metal ion and 
water of hydration have on the mode of attachment of 
the sulphite group, and to see whether the anhydrous-
sulphites in these cases could be prepared by thermal 
decomposition of the hydrated compounds. 
Much of the earlier work associated with the pre-
paration of hydrated metal sulphites has been shown to 
be unreliable. Preparative methods 4 yielded several 
samples for which reproducible analytical data could not 
be obtained; perhaps this is in part accounted for by the 
fact that hydrated sulphites are extremely sensitive to 
oxidation, particularly the iron(1!) compound. We have 
characterised compounds using methods of preparation 
developed by us which give products for which reliable 
analytical data were consistently obtained. 
MnSO 3 H 20, CaS0 3 O5H 20 and MgSO3 3H 2O were 
all made by treating an aqueous suspension of the metal 
carbonate with sulphur dioxide until all the carbonate 
had dissolved. Excess sulphur dioxide was removed by 
warming the solution, and the hydrated sulphite was 
obtained as a crystalline solid. FeSOç3H 2O was pre-
pared by treating iron(Il) sulphate solution with amal-
gamated zinc, sodium sulphite and sulphur dioxide. If 
153 
P46 
154 W. D. HARRISON et at 
Table I. 1K bands of metal sulphites (cm) 
v 1 (sym.str.)V3 (asym.str.) 	v2tsym.bendi V4 (asym.bend) 
1015m 	9608 	 6458 470w 
890s 
FeSO3 980sh 942s 	 620s 470m 
900s 
llgSO 3 942m 	 625m 480w 
CeSO3 970s 	YSOs 	 565m 650m 520w 480w 
4 S&I 
thSO3 .h20 l040sh 975m 	 635s 470w 
880s 
FeSO 3 .3H 20 1020sh 950s 	 630s 4809 
8805 
I1g503 . 3H 20 	 940s 	 620m 	 480w 
CeSO 3 .0.5H20 	 9758 950s 	 668m 650m 	 520w 485w 
4ccw 
S 	strong m sudlum, w • weak, sh • shoulder. All bands are broad. 
precautions are not taken to exclude air strictly from all 
the operations and to work in reducing conditions, basic 
suiphates and thiosulphates form readily, and iron(1I) 
easily reduces aqueous sulphur dioxide to dithionite. 
Thermograms were obtained for all the hydrated sul-
phites prepared, and are shown in Fig. 1. MnSO 3 H20 is 
quite stable and only begins to lose H 20 at 255°. Anhy-
drous MnSO, is present from 310-370°, but some surface 
decomposition occurs within this range. Above 370°, loss 
of SO2 occurs at an irregular rate. MnO exists beyond 
750°. FeSO3 3H2O begins to lose H 20 at 135°. A point of 
inflection is observed in the thermogram at 400°, when  
loss of H20 is almost complete, and rapid irregular loss 
of SO2 commences. FeO exists above 830°. No inter-
mediate decomposition products are observed. 
CaS03 0 5H20 is remarkably stable. It begins to lose 
H20 at 400°. Anhydrous CaS0 3 is present from 450-710°. 
SO2 is lost beyond 710°, and at this temperature, slow 
disproportionation of sulphite to sulphate and suiphide 
occurs. At 920° isothermal decomposition of sulphate to 
oxide and S03 occurs. MgS0 3 -3H20 begins to lose H 20 
at 100°. Anhydrous MgSO 3 is evident at 310°, but very 
soon afterwards, a slow irregular decomposition begins, - 










200 	400 	600 	8(X) 
Terrperature/ °C 
Fig. I. Thermograms of hydrated metal sulphites. 
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products include MgO and MgS, and these probably arise 
from reactions similar to those occurring for the calcium 
compound. 
Infrared bands are recorded in Table I. 
Nyberg and Larssonh made a detailed study of the IR 
spectra of a range of solid metal sulphites. Interpretation 
is not easy, as many of the bands are broad, and the 
stretching vibrations v, and v3 in sulphite are often 
superimposed. However, it is usually possible to dis-
tinguish between ionic sulphite and covalently bonded 
suiphite. 
The spectra of MgS0 3 3H20 and MgS03 indicate that 
sulphite is present as the free ion, which may be loosely 
attached to the metal ion and hydrogen-bonded to water 
in the case of the hydrate. 
The spectra of CaS0 3•0•5H20 and CaS03 are more 
complex than those of the magnesium compounds, and 
suggest some degree of interaction between the metal ion 
and sulphite, as well as hydrogen-bonding between sul-
phite and water in the hydrate. The water molecules are 
very strongly attached and the compound exhibits high 
thermal stability. 
MnS0 3 H20 (pale pink) and FeS0 3 3H20 (pale green) 
have colours in accord with octahedrally coordinated 
metal ions. The central metal ion is probably surrounded 
by oxygen-bonded suiphite groups and by water mole-
cules. This is borne out by the complexity of peaks. v, is 
most likely split and responsible for the complexity in 
the region 1020-880cm'. If suiphite were sulphur-bon-
ded, a simpler spectrum would be expected in this 
region, as v3  would remain a singlet and absorption 
would be most intense above 975 cm'.6 
The support which IR studies give to the type of 
bonding in these compounds is enhanced by the ther-
mogravimetric studies. 
Both MnS0 3 H20 and FeS03 31420 decompose with 
loss of SO2 at very much lower temperatures than the 
hydrated sulphites of calcium and magnesium, indicating 
some fundamental differences in structure. They 
decompose to give pure oxides (MnO, FeO), whereas the 
sulphites of magnesium and calcium decompose rather 
reluctantly to give mixtures of sulphides and oxides and 
sulphates. 
The sulphites of manganese and iron should be com-
pared with those of cobalt and nickel, which yield pure 
oxides CoO and NiO on heating. .2  The relative ease with 
which transition metal suiphites decompose, and the fact 
that they give an oxide only, favours a fairly strong 
metal-oxygen bond in these sulphites. The metal sulphite 
is easily decomposed on heating, with loss of SO 2 . 
through fission of the oxygen-sulphur bond, which is 
weaker than in the free sulphite ion. 
Thermogravimetric studies on transition metal sul-
phites also indicate that, whilst most of the SO 2 is 
evolved between 2500 and 600°, in the cases of the 
hydrated sulphites FeSO 3 3H 20, CoSOr25H 20 and 
NiS03 6H 20 further loss of SO 2 occurs at rather higher 
temperatures. This is probably due to the presence in 
these compounds of some sulphite ion as well as to 
covalently bonded sulphite. 
Compounds containing free suiphite do not decompose 
substantially until higher temperatures are reached (710° 
in the case of CaSO and 600° in the case of MgSO, 
neither being completely decomposed at 1000°). The 
decomposition of anhydrous CoSO, to CoO and of 
NiSO, to NiO is complete at 570° and no secondary loss 
of SO 7 is observed at higher temperatures. This, together  
with IR data,' suggests that these sulphites contain 
exclusively covalently bonded suiphite groups and no 
free sulphite ions. 
EXPERIMENTAL 
All operations were carried out in a closed system under dry 
nitrogen. Manganese(lI) iodide was prepared by heating man 
ganese(Il) iodide tetrahydrate in vacuo over phosphorus(V) 
oxide at 140°C. Iron(lI) iodide was prepared as described by 
Winter.7  Copper(l) iodide was freshly prepared by adding sodium 
iodide (7.5 g) in water (150 ml) to copper(II) nitrate trihydrate 
(12.0g) in water (100 ml) and passing sulphur dioxide. The white 
precipitate was filtered, washing with sulphurous acid, ethanol 
and dry ether. The product was dried in vacuo over phos-
phorus(V) oxide for 12 hr. 
Manganese(If) saIphi1e Manganese(il) iodide (11.0 g) was 
refiuxed with tetramethylammonium disulphite (10.5 g), added in 
four aliquots, in dry acetone (250 ml) for 40 hr. The white product 
was filtered, dried, washing with liquid sulphur dioxide (8 x 
20ml), and finally dried at 125°/10 4 mm. (Found: Mn, 39.2; SO 2 , 
46.1. Calc. for MnO 3S: Mn, 40.7; SO2 , 47.5.) 
Iron(If) sulphur. The method described for the corresponding 
manganese compound was followed. A green product was 
obtained. (Found: Fe, 39.7; SO 2, 45.8. CaIc. for FeO 3S: Fe, 41.1; 
So2. 47.1.) 
Coppe,(f) disulphitr. Copper(l) iodide (9] g) and sodium 
iodide (5.5g) were refluxed with tetramethylammonium disul-
phite (9.0 g) in dry acetone (200 ml) and the method described for 
the corresponding manganese compound was followed. A white 
product was obtained. (Found: Cu, 45.0; SO 2, 45.8. Calc. for 
Cu205S2 : Cu, 46.9; SO 2 , 47.25.) 
Manganese(It) sulphUr monohydrate. Sulphur dioxide was 
passed into a suspension of manganese(II) carbonate (3.0g) in 
distilled water (20 ml) until a clear solution was obtained. The 
solution was heated on a steam bath under a stream of nitrogen. 
Crystalline manganese(II) sulphite monohydrate formed. When 
no more sulphur dioxide was evolved, the solution was allowed 
to cool under nitrogen. The product was filtered under nitrogen, 
washed with ethanol previously boiled and saturated with sul-
phur dioxide, dried with ether under nitrogen, and finally dried at 
I0 mm for 12 hr. The product was stored in a sealed tube under 
pure nitrogen. (Found: Mn, 35.8; SO 2, 41.5. CaIc. for H 2MnO4S: 
Mn, 35.65; SO2 , 41.85.) 
Iron(If) sulphur tnhydrage. All solutions were prepared and 
stored in a stream of pure nitrogen (previously deoxygenated by 
passing through chromium(II) chloride solution). lron(ll) sul. 
phate pentahydrate (3.0 g) was dissolved in distilled water (20 ml) 
previously boiled and cooled under nitrogen. Concentrated 
hydrochloric acid (0.2 ml) and a piece of zinc were added. In 
another portion of water (20 ml), sodium sulphite (5.0g) was 
dissolved and the solution saturated with sulphur dioxide. The 
two solutions were mixed, the zinc removed, and sulphur dioxide 
passed into the solution for 15 mm. The stream of sulphur 
dioxide was replaced with nitrogen, and the solution heated to 
100°C. When no more sulphur dioxide was evolved, the solution 
was allowed to cool. The pale green crystals were filtered, 
washed with ethanol previously boiled and saturated with sul-
phur dioxide, dried with ether, and finally dried at 10 mm for 
12 hr. The product was stored in a sealed tube under pure 
nitrogen. (Found: Fe, 29.2; SO., 33.45. CaIc. for H 6FeO5S: Fe, 
29.4; SO,, 33.7.) 
Calcium(II) sulphur hemihydrate. The method described for 
the corresponding manganese(Il) sulphite monohydrate was fol-
lowed. A white crystalline product was obtained. (Found: Ca. 
31.4; SO., 48.9. CaIc. for HCaOS: Ca. 31.45; SO., 49.6.) 
Magnesiunt(JI) suiphite trihydrate. The method described for 
the corresponding manganese(Il) sulphite monohydrate was fol-
lowed. A white crystalline product was obtained. (Found: Mg. 
15.25; SO, 40.2. CaIc. for H,.Mg0 0S: Mg, 15.35; SO., 40.4.) 
Physical measuremenl.c. Infrared spectra were recorded on a 
Perkin-Elmer 457 grating spectrophocometer as Nujol mulls. 
Thermogravimetric curves were obtained using a Stanton ther-
mobalance. Metals were determined gravimetrically: manganese 
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iron(lll) oxide, copper as dipyridinedithiocyanato copper(ll), and 
magnesium as ammonium magnesium phosphate hexahydrate. 
Sulphur dioxide was determined iodometrically and gravi-
metrically as barium sulphate, after oxidation of sulphite with 
hydrogen peroxide. Calcium was determined by Mr. A. Hedley 
of this department. 
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Direct Reaction of Metals with the Mixed Non-aqueous System 
Dimethyl Suiphoxide—Sulphur Dioxide 
By W. DAVID HARRISON. J. BERNARD Gu.c., and DAVID C. G000ALL 
(Department of Inorganic and Structural Chemistry, The University. Leeds LS2 9JT) 
Summary The metals (M Mg. Sr. Ba, V. Mn. Fe, Co. 
Ni. Cu. Zn.. Al, In. Pb. and Yb) are dissolved by mixed 
non-aqueous solvent system dimethyl suiphoxide-5ulphur 
dioxide to form the pyrosuiphates of M = Mg. V. Mn, Fe, 
Co. Ni, Cu, Zn, Al, In. and Yb. and the suiphatesof M = Sr. 
Ba, and Pb, and the metals Na. Be. Ca, Ce, Pr. Eu, Dy. 
Ga. Ti. Sn. Sb, 81,1, and Cd also dissolve, but the products 
have not yet been characterized; phase studies indicate 
the existence of a 1: 1 adduct of dimethyl sulphoxide and 
sulphur dioxide, which is considered responsible for the 
solution of metals in the system. 
Mv metals, both transition and non-transition (M = 
Mg. V. Mn, Fe, Co. Ni. Cu. Zn. Al, In, and Yb) dissolve 
J.C.S. CHE3z. ColM., 1976 
in the mixed non-aqueous solvent dirnethyl suiphoxide-
sulphur dioxide to form crystalline metal pyrosuiphates, 
M(S 2O,)rZMe tSO. Other metals (M = Sr. Ba. and Pb) 
dissolve in the mixed solvent but yield only metal sulphate. 
The products were characterized by elemental analysis 
for metal, sulphur, carbon, and hydrogen, thermogravi-
metric analysis, and i.r. spectroecopy. The elements Na, 
Be. Ca, Ce, Pr, Eu, Dy, Ga, Ti. Sn, Sb, Bi, I, and Cd also 
dissolve in the mixed solvent, but the products await 
characterization. Thermogravimetric analysis carried out 
on the dimethyl sulphoxide-solvated pyrosuiphates showed 
that in some cases (where M = Ni, Co. and Cu) the un-
solvated pyrosuiphate and in most cases (where M Mg, 
Mn, Co. Ni. Cu, and Zn). the unsolvated sulphate was 
formed. 
Reaction of many metals with the mixed solvent is 
complete within 48 h. However, Be; Sr. Ba, Ce, Pr, Eu, 
Dy. V. Ga, Xis, TI, Sb, and Bi react more slowly. The state of 
division of the metal has a marked effect on the rate of 
reaction, and some metals, notably Sr. Ba. and Pb. become 
passive with a coaling of insoluble sulphate. 
Metals dissolve in neither dimethyl suiphoxide nor 
sulphur dioxide separately, and the mixed solvent is 
required for dissolution of metal to occur and for the 
oxidation of sulphur(rv) to sulphur(vI). The process, in 
which dimethyl snlphide is liberated, appears to involve, 
an a first stage, conversion of metal into metal sulphite. 
followed by either (I) solvation by sulphur dioxide and 
oxidation by dimethyl sulphoxide to metal pyrosulphate 
or (ii) oxidation by dimethyl suiphoxide to metal sulphate.  
541 
Such processes have already been shown to occur for the 
anhydrous sulphites of cobalt and nickel 1 when these are 
treated with dimethyl sulphoxide and sulphur dioxide in 
solvents such as acetone and ethanol. We have recently 
found this process to occur with the sulphltes of iron and 
copper. 
SO ... SO $ M - t.iSO 
ZMe2SO 	/ V~i 
r2SO 
MS2074 	P4S205 	M504 
CHEStS 
Phase studies indicate the existence of a discrete 1:1 
adduct (m.p. —38 C) of dimethyl sulphoxide and sulphur 
dioxide. It is this species which is considered necessary 
for the dissolution of metals (Scheme). 
Operations were carried out under dry oxygen-free 
nitrogen. Dimethyl solphoxide was dried over 4A mole- - 
cular sieves and redistilled under reduced pressure. Sulphur 
dioxide was dried by passage through concentrated sul-
phuric acid. 
(Recssued, 10th May 1976; Corn. 522.) 




Reactions in Mixed Non-aqueous Systems containing Sulphur Dioxide. 
Part 1. The Dissolution of Main-group Metals in the Binary Mixture 
Dimethyl Sulphoxide-.$ulphur Dioxide 
By W. David Harrison. J. Bernard OHl,and OvId C. Goodall, Department of Inorganic and Structural Chemistry, The University. Leeds LS2 9JT 
The metals M - Mg. Al, In. or Sn react with the mixed non-aqueous solvent dimethyl suiphoxide (dmsO)-sulohur 
dioxide to form the metal disulphates, and Sr. Be. or Pb react with the same system to form the metal sulphates 
Other metals (Li. Na. Be. Ca, Ga. TI. Sb. or Bi) dissolve in the mixed solvent, but so far it has not been possible to 
characterise the Products. Phase studies and a Reman spectroscopic investigation indicate the esistence of a 1 : 1 adduct of dmso and SO, which is Considered responsible for the reaction of metals with the system. A likely mechanism for the oxidatjve process is discussed. 
A RECENT communication 1 reported the reaction of 
metals with the mixed non-aqueous system dimethyl 
suiphoxide-sulphur dioxide. The metaisM = Mg.AI,In, 
or Sn dissolve in the mixed solvent to form crystalline 
nsetai disuiphates M,(S207),'zdmso, but Sr, Ba, or Pb 
dissolve to form only the metal sulphates. The metals 
Li, Na, Be, Ca, Ga, TI. Sb. or Bi dissolve in the mixed 
solvent, but no pure products have yet been isolated. 
dmso is at 1 053 cm. In the complexes, if the bands at 
I 000-900 cm 1  are assigned to the S-O stretching 
frequencies, there is a shift of 50-150 crn' when drnso 
co-ordinates to the metals. The shift in each case is to 
a lower frequency compared to the free solvent, and 
indicates co-ordination to the metal through oxygen. 
Comparisons of the spectra of the disulphates with the 
spectrum of anhydrous potassium disuiphate and the 
TABLE I 
Infrared bands (cm') of metal disuiphates 
Mg(dmso).(S,O,) Al,(drnso),,(S,O,), In,(dmso),,(S,O,), Sn(dmso),(S,O,), Assignment 
430s 415s 432 (sh) 
) 4455 457s 488m 	
) [S,O3'- 462 (sh) 4955 










907m 912s 900s 9455 9555 OSOs 942 (sh) 960s mso 
970 (sh) 984s 985m 
lOOSs 101Os 101Os I 015s I 026s I 030s I 057s I OSOs 1 0555 1 058s 
I 125s 1130 (sh) rs o '- I 	I 	7J 





I 315m I 320m I 320m 
I 2355 
I 325m 	I dmcn 
The metals dissolve neither in dmso nor in SO 2 separ-
ately, and the mixed solvent is required for dissolution 
of metal to occur and for the oxidation of S" to Si". 
The products were characterised by elemental analysis 
for metal, sulphur, carbon, and hydrogen, thermogravi-
metric analysis, and i.r. spectroscopy. Some metals 
react completely with the mixed solvent within a few 
hours, others read more slowly. The state of division 
of the metal has a marked effect on the rate of reaction, 
and some metals, particularly Sr. Ba, and Pb. become 
passive with a coating of insoluble sulphate. The 
solvated distilphates are hygroscopic solids. They dis-
solve readily in water, but, as in the case of the alkali-
metal disulphates, the disulphate ion is probably 
hydrolysed to the [HSO4) ion. They are quite soluble 
in dinso. The ir. bands of the solvated disuiphates are 
shown in Table 1. The S-O stretching frequency of  
reported spectrum of sodium disulphate 2 clearly indicate 
the presence of the disulphate ion. The thermal decom-
position of the solvated metal disulphates has been 
studied up to 1 000 °C. The compound 1Nlg(dmso) 5 (S307) 
begins to lose dimethyl suiphoxide at 120 CC and form-
ation of an intermediate solvate, Mg(S 207)dmso, was 
observed at 260-350 °C. Further heating results in the 
loss of sulphur trioxide and dmso, and MgS0 4 1 exists 
from 430 °C. The compound Al2(dmso) 12 (S20)3 begins 
to lose dniso at 100 °C, and at 440 °C Al 2(SO4 ) 3 is ob-
tained. No evidence was obtained for any intermediate 
dimethyl sulphoxide complexes. Further heating results 
in the loss of SO3 , and A1203 exists from 600 CC The 
compound Sn(dmso)6(S30,)2 begins to lose dmso at 
'.W. D. Harrison, J. B. Gill. and D. C. Goodall. J.C.S. C#zem. 
Co,u,m.. 1976, 540. 
a A. Simon and H. Wagner. Z. aro?g. Chem., 1961. 811, 102. 
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180 °C, and at 470 C Sn(SO 4), is obtained. No evidence 
was obtained for any intermediate dimethyl sulphoxide 
complexes. Further heating results in the loss of SO 3 , 
and SnO, exists from 950 °C. 
It is important to consider the steps involved in the 
oxidation of metal to metal disuiphate. Dimethyl 
sulphide forms during the reaction and was collected 
(b.p. 37 °C). It is clear that dimethyl sulphoxide is 
acting as an oxidising species. It is not clear at this 
stage whether all the oxygen for the oxidation arises 
from dmso. Phase studies indicate the existence of a 
discrete 1: 1 adduct (m.p. —38 °C) of dmso and SO ! . 
The adduct cannot be prepared from SMe, and SO 3 . 
Rarnan spectroscopic studies support the formation of 
such an adduct. The bands are shown in Table 2. 
TABLE 2 







SO5 	dmso 	dmso-S05 solvent 	Assignment 
310 300 	-10 C-S--C deform. 
335 	335 0 	asym. C-S-O deform. 
390 385 	-6 sym. C-S-O deform. 
525 	 535 + 10 	r(SO) bend 
070 	670 	0 sym. C-S ate. 
700 700 0 	c-s ate. 
960 	950 	-10 
1050 1010 -40 	S-Ostr. 
1145 	 1140 	. -6 55 (SO,) ate. 
1 310 	1 320 C-H deform. 
1 335 	 -16 	i.1 (SO1) asym. ate. 
1 420 	1 420 	0 C-H deform. 
There is a shift of 40 cm' in the S-O stretching fre-
quency of dmso and a shift of 15 cm 1 in the asymmetric 
stretching frequency (v,) of SO, when adduct formation 
occurs. The lowering of the S-0 stretching frequency 
of dmso in the adduct indicates co-ordination of dimethyl 
suiphoxide to SO2  through oxygen. However, the small 
shift of 40 cm' suggests that either dmso is not very 
strongly bound to SO2 or there is possibly some back-
co-ordination from the oxygen of sulphur dioxide to the 




the adduct, as does the situation with respect to the 
charges carried by the various oxygen and sulphur 
atoms. A diagnostic pattern can be established, using 
- v,)3, from Table 2, for sulphur dioxide in various 
adducts. For example, in the adduct SbF 5 SO,, where 
sulphur dioxide bonds through oxygen, A = 220 cnr'. 
In the adduct NMe2H-S03 , where sulphur dioxide bonds 
through sulphur, a = 125'cm 1 , and in the adducts of 
M. C. R. Syrnons and R. Atkins. The Structure of Inorganic 
Radicals.' Elsevier, Amsterdam. 1967, p.  146. 
R. Maybe. J. B. Gill, and D.C. Goódall. J.C.S. .DaUon. 1973. 
634. 
1.C..S. Dait 11 
sulphur dioxide with alkali-metal lialidcs. where SO, ak 
bonds through sulphur, A = 180 crn'. 
From the Raman spectrum of the dinictliyl sulphoxid e . 
sulphur dioxide adduct, ts = 180 cm 3 . indicating weak 
bonding through the sulphur of SO 2 . or perhaps bondIfl 
through sulphur and oxygen, as shown earlier. In tht.  
latter case, bonding through oxygen and sulphur will 
tend to cancel out their different effects on . and giv(. 5 
value close to that for pure SO, (190 cm'). 
A possible mechanism for the oxidation, involving the 
formation of metal sulphite as one of the intermediate. 
has already been outlined.' However, although some 
metal sulphites 4 undergo conversion into sulphates and 
disulphates in the presence of dmso and SO2 . there is nc 
evidence to show that, when metals react directly will, 
dmso-SO, to form metal disulphates, a metal sulphjt, 
intermediate is involved. In the case of the mccc, 
reactive metals (M = Li, Na, or Sn) formation of metal 
dithionite has been observed. This is considered tc 
occur as a result of dimerisat ion of the [SO, radical ion. 
7- 
0 o] 10 \S/\S /0l 	so -502 rol-S 's' "I' 	]  
dilbionite 	 disuiphite 
2tdr"So-50 2 1 
OS /0/:] 
disutphate 
formed when the metal reacts with sulphur dioxide 
[equations (I) and (2)]. Formation of the [SO 2 '; - ior. 
M + xSO, - M' + x:so,]- 	(I) 
2:SO,]- 	S2O4j2 
had been observed when sodium dissolves in a mixtum' 
of dmso and SO,.' 
The metal dithionites are oxidised to metal disulphatc' 
by the mixed solvent dmso-SO,. It appears that neith": 
single component of the mixed solvent will bring abeu 
the oxidation. It is not vet clear exactly how ti' 
dxnso-SO, adduct releases its oxygen in the oxidatoc 
process. Rinker and Lynn 5 had observed the formatior  
of a very reactive form of dithionite. which they con 
sidered to be the form containing an S-O-S link 
[SO,-SO,,)'. Although in the solid state dithionit" 
have the S-S link, [O,S-SO,j", the form with the S-0' 
link may well be the reactive intermediate in thr 
oxidative process. This intermediate is particuIa 
attractive, in that it can be oxidised by dmso-SO, t 
disuiphate without any rearrangement, and a trafl 
$ R. G. Rinker and S. Lynn, lad, and Eng. Clie'n. 
Res. and Developr.senl). 1969, 8. 338. 
P48 
1978 
1 1onary disulphite having an S -O- S link may form, as is 
nsidered to be the case when transition-metal suiphites 
are converted into disuiphates: 
1pER1MENTAL 
All the operations were carried out in a closed system 
enclel dry nitrogen. Nitrogen and sulphur dioxide were 
dntd by passing the gases separately through concentrated 
,0lphuric acid and phosphorus(v) oxidc. Filtrations were 
carried out under a nitrogen stream, using a sinter tube. 
piethyl ether was distilled and dried with sodium. 
pupara1'ons.—Mg(dmso) 5(S,O,). Finely divided mag-
,esium was added to freshly distilled dimethyl sulphoxide 
(10 cmt) and the mixture was saturated with sulphur 
dj(lxide. The mixture was retained in a closed container 
and left until no more metal dissolved. The solution was 
titered. and diethyl ether added to the filtrate. A colour- 
crystalline solid precipitated, was filtered ofi, washed 
with diethyl ether, and pumped for 12 h (Found: C. 21.8; 
Ii. 5.55; S. 38.45. Calc. for C 15HMgO15S1 : C, 21.55; H, 
540; S. 38.35°/s ). 
A13(dmso) 11 (S50,)5 (Found: C. 19.1; H, 4.85; Al, 3.55. 
Caic. for C.H,5Al5OS55 : C. 38.95; H, 4.80: Al. 355%) 
and 1n1(dmso), 1(S10,) 5 (Found: C. 16.9; H, 4.20; S. 34.15. 
Caic. for  C1H,5In 1OS, 5 : C, 17.0; H. 4.25; S. 34.0%) 
were prepared similarly as colourless crystaiiine solids. 
Sn(dmso)(S2O,) 1 The method described above for the 
atagnesium complex was followed, with slight modification. 
After the initial fairly rapid reaction a white solid formed, 
which was allowed to stand for I week until most of it had 
dissolved to form a colourless solution. The solution was 
*Jtered, and diethyl ether added to the filtrate. A colour-
ss crystalline solid precipitated, was filtered oft, washed 
with diethyl ether, and pumped for 12 h (Found: C. 14.8; 
H. 3.60; S. 33.75. CaIc. for C15H14OS11Sn: C, 15.3; H. 
3$: S. 34.1%). 
Physseal Measiiremersss.—The melting point of the di-
atethyl sulphoxide-suiphur dioxide adduct was determined 
frum the phase diagram. obtained by plotting melting point 
spinst rnol fraction of SO 5 in dmso. Temperatures were 
J433 
measured to 	1.0 'C by an accuratr alcoh,'l tin'rinn,tieli-t 
immersed in the sanpks containc-d in a i'fr 	r .itd I.at 
silicone fluid. The phase diagram is slnwn in the Figure. 
Infrared spectra were recorded on a P'rkin.Elmc'r 45 
grating spectrophotorneter as Nujol muhls Ranan spect.i 
20 
0 
1-00 	080 	0-60 	040 	020 	0 
Mol froctiori of 502 
Phase diagram of melting point against composition I or 
dmso-S0 5 
were obtained using a Coherent Radiation model 52 
tunable argon-ion laser, operating at 488 nnl. Scattered 
radiation was analysed by a double-grating Coderg (model 
type PHO) spectrometer. 
Thermogravimetric curves were obtained using a Stanton 
thermobalance. Aluminium was determined gravimetric.-
ally as aluminium oxide. C. H, and S were determined by 
Mr. A. Hedley of this department. 
(81143 Eeo'it'ed, 2715 Jamivaev, 1978] 
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Reactions in Mixed Non-aqueous Systems containing Sulphur Dioxide. 
Part 2.t The Dissolution of Transition Metals in the Binary Mixture Di-
methyl Sulphoxide—Sulphur Dioxide, and Ion-pair Formation involving the 
Suiphoxylate Radical Ion in Mixed Solvents containing Sulphur Dioxide 
ByW. David Harrison, J. Bernard Gill,and David C. Goodall. Department of Inorganic and Structural 
Chemistry, The University, Leeds LS2 9JT 
The metals (Ti. V. Mn. Fe, Co. Ni. Cu. Zn. and Cd) react with the mixed non.equeous solvent dimethyl suiphoxide-
sulphur dioxide to form the metal disulphates. Other metals (M • Co. Pr. Eu, Dy. or U) dissolve in the mixed 
solvent, but It has not been possible to characterize the products. The existence of the (SO 1 ) - radical ion, and of 
ion pairs containing a metal ion and (SO s) -, has been demonstrated for solutions of metals in non-aqueous solvents 
containing sulphur dioxide. A correlation has been established between dielectric constant, donor number, and the 
reactivity of metals In solvents containing sulphur dioxide. 
A RECENT communication I reported the reaction of 
metals with the mixed non-aqueous system dimethvl 
suiphoxide-sulphur dioxide. The metals dissolve 
neither in dimethyl suiphoxide (dmso) nor in sulphur 
dioxide separately, the mixed solvent being reqiired 
for dissolution of metal and for oxidation of sulphur(iv) 
to sulphur(vz). The metals Ti, V. Mn, Fe, Co. Ni, Cu, 
Zn, and Cd dissolve in the mixed solvent to form crystal-
line metal disuiphates M(S,O7),z(dmso), characterized 
by elemental analysis, thermogravimetric analysis, and 
i.r. spectroscopy while Ce, Pr, Eu, Dy, and U dissolve in 
the mixed solvent but no pure products have yet been 
isolated. Some metals react completely with the mixed 
solvent within a few hours, others more slowly, and 
the state of division of the metal has a marked effect on 
the reaction rate. The mixed solvent appeared com-
pletely inert towards chromium. 
co-ordinates to the metals. The shift in each case is to 
a lower frequency compared to the free solvent, and 
indicates co-ordination to the metal through oxygen. 
Comparisons of the spectra of the disuiphates with that 
of anhydrous potassium disulphate and the reported 
spectrum of sodium disuiphate' clearly indicate the 
presence of the disuiphate ion. 
The thermal decomposition of solvated metal di-
suiphates has been studied up to 1 000 °C. Data for 
the solvated disulphates of C&t and Ni" have been 
reported elsewhere.' The compound [Mn(dmso) 6 -
(5,07) begins to lose dimethyl sulphoxide and sulphur 
trioxide at 120 °C, and at 400 C Mn[SO 4J is obtained; 
[Fe(dmso) eJ[S,Os] loses dmso and SO, at 110 °C, and at 
740 °C Fe,O, is obtained. The compound [Cu(dmso)1-
[S,07) loses dmso at 105 °C and formation of Cu[S,07) 
was observed at 240-280 °C. Further heating results 
TABLE 1 
Infrared bands (cm l) of metal disulphates 
[Fe(dmso) 13[S10,) 	(Cu(dmso))[S,O,) [Zn(dniso)j(S 10,] 	(Cd(dmso) 6)1S10,) Assignment 
420s 420s o n- 440s J LI? 
575m 577$ 678s 
585m > [S,0,1 
590m 5901m 595s 5985 	J 
670%- 680w 875w dmso 
835s 835s 835s 835s 
900 (sh) 902w 
940s . 	950s 950s dmso 5(slr) 
1 000 (sh) I 000a 10005 9905 
lOOSs 1012s 
I 060s 1 050s I 052s 10585 
1120w JuGs 
I 160s I iSo- I 155s I 180s 
1230s 1240s 1240s 12405 mso 
















The solvated disulphates are bygroscopic solids which 
dissolve readily in water, and are quite soluble in dmso. 
The i.r. bands of solvated disuiphates are shown in 
Table I. Those of the solvated disulphates of cobalt(iI) 
and nickel(ii) are recorded elsewhere.' The S-C) 
stretching frequency of dmso occurs at 1053 cm. 
Thus, if the bands at 900—i 000 cm' of the complexes 
are also assigned to the S-C) stretching frequencies, 
there is a shift of 50—) 50 cnr' when dimethyl sulphoxide  
first in the loss of SO, to give Cu[SO 4) from 320-340 SC, 
and then in the loss of more SO, to give CuO which 
exists from 780 °C. The compound [Zn(dmso) 6]S2O7 
loses dmso and SO, at 100 °C and ZnSO4) exists from 
420 to 440 5C. Further heating results in the loss of 
more SO, to give ZnO from 900 °C. The compound 
[Cd(dmso)5][S207) loses dmso and SO, at 120 °C and at 
330 °C, Cd[S043 is obtained. No evidence was obtained 
f Part I is ref. 4. 
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for any intermediate dimethyl sulphoxide com-
plexes. 
The steps involved in the oxidation of metal to metal 
disulphate have already been reviewed in some detail. 1 
Metals are generally converted by dimethyl suiphoxide-
sulphur dioxide into metal disuiphate, but in the case 
of the more reactive metals (Li, Na, Sn, Zn, or Cd) 
formation of metal dithionite was observed. Rinker' 
has shown that an aqueous solution of sodium dithionite 
contains a paramagnetic species, (SO,3, in low concen-
trations (ca. 10 6 mol dnr9, formed by dissociation of the 
dithionite ion [equation (3)]. A concentrated aqueous 
fS,O,) 2 _ 2[SO,] 	 (1) 
solution of sodium dithionite is perceptibly yellow, and 
shows in the u.v. spectrum the presence of a species 
absorbing at 395 nm. 
We have shown that when magnesium dissolves in 
J.C.S. Dalton 
presence of (SO,) ions.' When sodium dit)iionj 1 . 
placed in dimethyl sulpltoxide a blue colnur is obscrs.,) 
Rinker and Lynn 7 had already noticed a Hue "l"ut 
when sodium amalgam reacts with tin' mixed solvt' 
dimethylformamide-sulphur dioxide, and a pars. 
magnetic species similar to that observed in aqueru, 
solutions was detected. 
We have confirmed that the species responsible for tii. 
blue colour observed by Rinker and l.vnn is identir 5 
with that which can be produced when sodium amalgam 
reacts with dimethvl sulplioxicle-sulphur dioxide. Built 
species absorb at 585 nm. The blue species we had 
observed when magnesium reacts with drmethvl sul. 
phoxide-suiphur dioxide is also produced when mag. 
nesium dissolves in dimethvlformamide-sulphur dioxidt 
and gives rise to an absorption at 565 nm. Therefore 
it appears that more than one blue species exis) 





















Reaction of magnesium in solvents containing sulphur dioxide 
Solubility of 
SO1 (mol SO, 	 Reaction of 
per inol of Dielectnc 	solution 
solvent) 	Constant with Mg 
1.62 29.8 	 positive 	blue 
1.68 	 37.8 + brow 
3.51 36.7 	 + 	 brow 
0.38 	 109.5 + oran 
0.29 25.0 	 + 	 oran) 
0.02 	 78.3 + oran) 
1.40 20.6 	 + oran 
,xide 	2.07 	 brow 30.0 +  
1.09 42.0 	 - 
6.34 	 34.8 - 
35.9 	 - 
0.85 	 6.02 - 
0.65 36.2 	 - 
0.22 	 4.3 - 
1.32 3.1 	 - 
1.00 	 7.6 - 
1.45 12.3 	 - 
0411 	 907 - 
Colour change 
-srn- blaclt -. bro'n (rapid) 
• (moderate) 
• (moderate) 
e-brown (very rapid) 
e (very rapid) 
e (very rapid) 
te-brown (moderate) 
n (slow) 
dimethyl sulphoxide-sulphur dioxide a remarkable 
series of colour changes occurs. As the metal dissolves 
a deep blue colour of high intensity develops, which 
becomes black, then changes through brown to yellow. 
Spectrophotometric investigation shows that two absorb-
ing species are formed, one at Ca. 395 nm (the low-energy 
end of the band trails into the visible region) and which 
is responsible for the brown colour, and a second which 
has a broad absorption with a maximum in the 560-590 
nm region and which is responsible for the blue colour. 
Magnesium dissolves in the mixed solvent dimethyl 
sulphoxide-suiphur trioxide to form magnesium di-
sulphate, but no colours are observed. Therefore it 
appears that SO, is a likely precursor of both coloured 
species. 
The brown species is probably formed as in (2). and 
Mg + 2S02  -0. Mg' + 2[SO21 	(2) 
is the same as the species observed in aqueous sodium 
dithionite solution. A g value of 2.007 was obtained 
from e.s.r. measurements, and this accords with the 
The [S05J radical ion is generated in two ways: (1) by 
dissociation of the dithionite ion in solution, and (ii) by 
reduction of SO, in solution by a metal. It can be 
observed in many solvents and absorbs at Ca. 395 nor. 
irrespective of the solvent and metal ions present. 
Rinker and his co-workers had observed both 
blue and brown species whilst investigating methods for 
the preparation of sodium dithionite from sodium and 
SO, in several non-aqueous solvents. However, the 
explanations for the existence of the coloured species 
appear inconsistent and inadequate. In order to gain 
some insight into the processes involved when a metal 
dissolves in a solvent containing SO 2 . we investigated 
the reaction of magnesium with sulphur dioxide in a 
wide range of solvents. The results are recorded in 
Table 2. 
The following conclusions can be drawn from the 
results: (1) only a solvent of high dielectric constant. 
(e >20) will permit reaction, although in some case 
reaction does not occur even if the solvent has a high 
dielectric constant; (ii) high solubilitv of SO, is not a 
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.equirement for reaction; (us) the intensity of the 
0lourel species varies considerably, and is highest in 
,lvents containing the greatest amounts of dissolved 
O: (n') the rates of reaction vary considerably, being 
greatest in dimethyl suiphoxide, and quite rapid in 
tormamide, water, and ethanol. 
A series of experiments was carried out in which the 
y3CtiOfls of a variety of metals with dilute solutions of 
C 50, in the reactive solvents were investigated spectro.-
hotometncaIly. The results are shown in Table 3. 
The following observations can be made. (1) In all 
ascs where reaction occurs, [SO2] forms and is observed 
t ca 395 nm. (ii) The blue species is not always 
observed, and is apparently stabilized by the more 
electroPoSitive metals (Li or Na); it does not appear in 
protic solvents. (iii) The maximum intensity of the 
blue species varies from 560 to 590 nm, and depends on 
the metal ion present. (iv) The colours, once formed, 
are stable for many days, except in the cases of water and 
ethanol where they disappear rapidly and in dimethyl 
sulphoxide where they disappear after 1 d. (v) Except 
849 
when magnesium ions are added to a solution of lithium 
in dimethvl foernamide-suiphur dioxide there is no 
increase in the proportion of the brown species. which 
one would expect if the presence of magnesium ions 
favoured the formation of this species. When mag-
nesium ions are added to the brown solution of mag-
nesium in dimethyl formamide-sulphur dioxide the 
proportion of the blue species actually increases. Thus, 
it appears that the formation of the blue species depends 
not so much on the type of ion present as on the amount 
of ions present. When a metal dissolves in a solution 
of SO2 in a solvent different amounts of [S0 2] radical 
ions form, according to the valence of the metal; if the 
brown species is free [S0 2r and the blue species is an 
ion pair, then all the experimental observations made by 
M + xSO5 - M + x[S02J - 
(M" 'SOc') + (x - 1)(S021 	(3) 
(blue) 
us and in earlier work can be explained (equation (3). 
The stability and nature of the ion pair varies according 
TABLE 3 
Spectral bands (nm) in the visible and u.v. region of solutions of metal" in solvents containing sulphur dioxide 
Solvent 	 Li 	 Na 	Ca 	Mg 	Fe 	Zn 
Dimethyl sulphoxide 395 585 395 685 395 	670 395 	565 - 395 (550) 400 	no. 
Dimethylaeetarnjde 395 680 393 585 a 395+565 a 400 	no. 
Dimethylforrnamide 395 580 395 680 a 305±565 a 400 	no. 
Fonnamide is b 6 395 	no. c 	no. c no. 
Ethanol is b b 395' no. 390' no. 385' no. 
Water c is b 395' no. 390' no. 380' n 0. 
Trimetbyl phosphate 395 575 395 585 a 390 	no. a c 
Tns(dimethylamino)phosphine oxide 395 685 395 585 a 395 	565 395 (550) c 
no. 	Species not observed. 
Reaction too slow to be seen. 'Side reactions occur. 'Reaction not investigated. 'Colour transient 
in the cases of magnesium and iron in dimethyl suiph-
oxide, white precipitates of metal dithionite form after 
a few hours. (vi) Both blue and brown species can be 
reversibly discharged at —70 °C to give colourless 
solutions. (vii) Both blue and brown species are 
rapidly discharged in air. (viii) For the more electro-
positive metals the blue species is dominant, while with 
less electropositive metals the brown species ([SO,J) is 
dominant; with zinc no blue species is seen. 
When increasing amounts of anhydrous lithium 
chloride were added to brown solutions of magnesium in 
dimethyl formamide-suiphur dioxide the change in 
colour of the solution and the spectra indicated that the 
relative proportion of the blue and brown species changed 
in favour of the blue species at the expense of the brown 
species. Conversely, when anhydrous magnesium ni-
trate was added to a blue solution of lithium in dimethyl 
formaznide-sulphur dioxide the spectrum did not change. 
The absorption maximum of the blue species remained 
almost constant, but broadened to 560-585 nm, and 
the intensity of the brown species decreased slightly. 
Clearly, it is not just specific ions which stabilize the 
blue and brown species. The solution of magnesium in 
dimethyl forrnamide-.sulphur dioxide gives rise pre-
dominantly to the formation of the brown species, yet  
to the metal ion. Ion pairs containing lithium or 
sodium seem to be the most stable; in the case of zinc 
the ion pair appears to be relatively unstable, since we 
did not observe its formation. The order of stability 
observed is as follows: 
(Li 4 'S03j {Na"S02 ] > [Mg2 -S02 J 
[Fe24 'S02 j s Zn'SO,] 
The ion pairs absorb at different wavelengths, as de-
duced from the observed variation in position of the 
absorption maximum of the blue species, which follows 
the order: 
[Fe2 'SO2 j [Mg2 'SO5i [Li"S05 ] [Na 4 -S02 
550 nm 560-565 nm 585 nm 585-590 nm 
The order of stability of the ion pairs is a reflection of the 
state of solvation of the metal ions in solution. In the 
cases of lithium and sodium ions, which are not heavily 
solvated, the rectal ion and [SO2] - can make a close 
contact and form a stable ion pair. The ability to form 
an ion pair also depends considerably on the dielectric 
properties of the solvent. Solvents of low dielectric 
constant favour ion-pair formation, but if the solvent 
has a dielectric constant greater than 50, no ion pairs 
form and only the brown [SO,J is observed. 
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An explanation can now be given for the rapid se-
quence through which the coloured species can be 
observed when magnesium dissolves in dimethyl sul-
phoxide-suiphur dioxide. The reaction is rapid, and the 
blue species is soon observed, but as the • reaction pro-
gresses large amounts of blue and brown species build up. 
Eventually, complete absorption from 350 to 650 nm 
(almost all the visible region) occurs, and the solution is 
black. When all the magnesium has dissolved, [S0] -
and the ion pair [Mg'SO,] are gradually oxidized and 
the colour of the solution fades to the yellow of the 
dimethyl sulphide-sulphur dioxide adduct. If the 
above theory is correct, then if [SO,J can be generated in 
solution in the absence of metal ions only a brown 
solution should arise. In order to test this hypothesis 
solutions of SO2 in dimethylformamide, dimethyl sul-
phoxide, dimethylacetamide, and formamide were 
electrolyzed, using carbon electrodes. The solutions in 
each case became brown, and the absorption spectra 
confirmed the presence of [SO,J. No blue species were 
detected. 
It remains to be explained why metals react with 
sulphur dioxide in some solvents but not in others. 
Although the solvent must have a high dielectric con-
stant for reaction to occur, many solvents of high 
dielectric constant do not permit reaction between metal 
and SO,. We have observed a relation between donor 
number, as defined by Gutmann,' and whether a reaction 
will occur: if the donor number is >20 the reaction is 
likely to occur. If we consider both donor number and 
dielectric constant together, we find that in order for a 
reaction between a metal and SO, to occur the solvent 
must have both a high donor number and a high di-
electric constant. 
The dielectric constant gives an approximate guide as 
to whether a reaction will occur. Thus a solvent of 
high dielectric constant will favour ionization of the 
metal and formation of [SO,]. Reaction occurs at the 
metal surface (the coloured species always arise at the 
metal surface), and the rate.controlling step is that of 
diffusion of metal ions from the metal surface. A 
solvent of high donor number will favour solvation of 
metal ions, and prevent recombination of a metal ion and 
[SO,J to give metal and SO,. 
EXPERIMENTAL 
All operations were carried out as in Part I.' Solutions 
for spectroscopic investigations were obtained by placing 
a small amount of a metal into a sample of a stock solution 
of sulphur dioxide in the required solvent (Ca. 10- ' mol dm). 
The colours were allowed to develop, and the solution was 
quickly decanted into a quartz glass cell, which was then 
stoppered. The reference cell contained the stock solution 
of sulphur dioxide in the solvent being investigated. 
Spectra were recorded on a Pye Unicam SP 8000 spectro-. 
photometer. 
J.C.S. Dalton 
In the following cases, the method described for the 
corresponding magnesium compound' was followed: (Ti. 
(dmso))[S,0,J5. colourless ci-vstalline solid (Found: ç 
17.2; H, 4.05; S. 34.3. CaIc. for C,.H,,O,.,,S, 0Ti: C. 
16.5; H, 4.20: S. 36.9%);  green 
crystalline solid (Found: C. 18.65: H. 4.70: S. 37.1 
CaIc. for C51H,,O,3S,,V,: C. 18.4: H. 4.65; S. 36.8%): 
[Mn(dmso),)S 20,J. yellow crystalline solid (Found: C .  
20.05; H. 5.35; Mn. 7.75. Calc. for C, :H 31Mn0,,S, : 
C. 20.6; H. 5.20; Mn, 7.85%); !Fe(dmso).S,O,). pale 
green crystalline solid (Found: C. 20.4; H. 5.45: Fe, 
Calc. for C,,HFeO,,S,: C. 20.55; H. 5.20: Fe. . 950 1: 
[Co(dmso),J1S10,], pale pink crystalline solid (Found: C. 
20.45; H. 5.30; Co. 8.30. C.alc. for C,,H 3,CoO,,S,: C. 
20.5; H. 5.15; Co. 8.35%); [Ni(drnso),S 50.gree n 
crystalline solid (Found: C. 20.3: H. 5.30; Ni. 8.30 
CaIc. for C55HNi0,,S,: C. 20.5: H, 5.15: Ni. 8.35° c ); and 
[Cu(dmso)J[S107). pale blue crystalline solid (Found: C. 
20.4; H. 5.30; Cu, 8.80. CaIc. for C 12H,,Cu0,5S,: C. 
20.35; H, 5.10; Cu, 9.00%). 
Hexakis(dimethyl sulphoxide)zinc(si) Disiilp/za fr-The 
method described for the corresponding magnesium com-
pound was followed, but with slight modification. After 
the initial fairly rapid reaction, a white solid formed. which 
was allowed to stand for 1 week until most of the solid had 
dissolved to form a colourless solution. The solution was 
filtered and diethyl ether added to the filtrate. A colour-
less crystalline solid precipitated, was filtered off, washed 
with diethyl ether, and pumped for 12 h (Found: C. 20.35: 
H. 5.30; Zn, 9.35. Calc. for C,,H 3,0 13S,Zn: C. 20.3; 
H. 5.10; Zn, 9.20%). 
The compound (Cd(dmso).)[S,O,J was prepared similarly 
as a colourless crystalline solid (Found: C, 18.95: H. 5.05: 
5, 33.8. CaIc. for C 12 H 2,CdO, 3S,: C. 30.05: H. 4.80; S. 
33.85%). 
Physical Measurements-Infrared spectra were recorded 
on a Perkin-Elmer 457 grating spectrophotometer as Nujol 
mull,. Thermogravimetric curves were obtained using 
a Stanton thermobalance. Metals were determined gravi-
metrically: manganese as ammonium rnanganese(ii) rhos-
phate nionohydrate. iron as iron(IIi) oxide, cobalt as 
cobalt(li) tetrathiocyanatomercurate(ii). nickel as dime. 
thylglyoximatonickel(is). copper as dipvridinedithiocvanatn. 
copper(ii). and zinc as ammonium zinc phosphate. Carbon. 
H. and S were determined by Mr. A. Hedlev of this depart. 
ment. 
[8/1037 Reci red, 2nd June. 1978j 
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ABSTRACT 
Gill, J.B., Goodall, D.C. and Harrison, W.D., 1981. The solution of metals in dimethyl 
suiphoxide and other non-aqueous solvents containing sulphur dioxide. 
Hydrometallurgy, 6: 347-351. 
The metals (Mg, Al, In, Sn, Ti, V, Mn, Fe, Co. Ni, Cu, Zn and Cd) react with the 
mixed non-aqueous system dimethylsulphoxide(dmso)—sulphur dioxide to form metal di-
suiphates as final products. Sr, Ba and Pb react with the same system to form metal 
sulphates. Other metals (Li, Na, Be, Ca, Ga, Tl, Sb, Bi; Ce, Pr, Eu, Dy, U) dissolve in 
the mixed solvent, but it has not been possible to characterize the final products, al-
though intermediate dithionite formation was observed. Evidence indicates the existence 
of a 1 :1 adduct of dreso and SOS , which is considered responsible for the reaction of 
metals with the system. A likely mechanism for the oxidative process is discussed. The 
existence of the [80 3 ] radical Ion; and of ion-pairs containing a metal ion and (80 3 r 
has been demonstrated for solutions- of metals in various solvents containing sulphur di-
oxide. The reactivityof metals in such solvents containing sulphur dioxide has been re-
lated to dielectric constant and donor number of the solvent. Several oxides also react 
with the mixed solvents. (SO, J can be generated by electrolysis in the mixed solvents. 
INTRODUCTION 
Recent work on the properties of sulphur dioxide in dimethyl sulphoxide 
and other non-aqueous solvents (Harrison et al., 1978, 1979) has indicated 
the potential of such a medium as a leaching agent for metals and oxides. 
In certain circumstances excellent selectivity is observed and, provided 
metals can be recovered from solution in such a way that the organic 
solvent can be recycled without high losses, the system offers practical pos-
sibilities for the recovery of values from complex ores, and intermediates or 
secondary materials containing mixtures of metals. Further work is current-
ly in progress on such aspects and the present paper represents an attempt 
to indicate the chemical behaviour of the system and the various solvents 
that show promising reactions with metals and oxides. 
•Author to whom enquiries should be addressed. 




Compounds were obtained by adding finely-divided metal to freshly dis-
tilled solvent, and the mixture was saturated with sulphur dioxide. The solu-
tions were filtered from excess metal, and the metal suiphur—oxyanion com-
pounds obtained either by the addition of ether to the filtrate, or by allow-
ing the compound to crystallize. 
Solutions for spectroscopic studies were obtained by placing a small 
amount of a metal into a sample of stock solution of sulphur dioxide in 
the required solvent The colours were allowed to form, and the solution 
was quickly decanted into a quartz glass cell, which was then stoppered. 
The reference cell contained the stock solution of sulphur dioxide in the 
solvent being investigated. 
Spectra were recorded on a Pye Unicam SP8000 spectrophotometer. 
Infrared spectra were recorded on a Perkin—Elmer 457 grating spectro-
photometer as Nujol mulls. Raman spectra were obtained using a Coherent 
Radiation model 52 tunable argon-ion laser, operating at 488 run. 
Thermogravimetric curves were obtained using a Stanton thermobalance. 
Metals were determined gravimetrically. C, H and S were determined by Mr. 
A. Hedley of this department 
RESULTS AND DISCUSSION 
The metals (Mg, Al, In, Sn; Ti, V, Mn,:Fe, Co, Ni, Cu, Zn and Cd) dis-
solve in the mixed non-aqueous áystethdimethylsulphoxide(dmso)—sulphur. 
dioxide, from which the metal distaiphates, .M(S 207)zdmso, finally 
crystallize, or may be precipitated on addition of an inert solvent such as 
ether. The metals (Sr, Ba and Pb) dissolve to form the metal suiphates. The 
metals(Li, Na, Be, Ca, Ga, Ti, Sb, Bi; Ce, Pr, Eu, Dy, U) dissolve in the 
mixed solvent, but no pure final products have yet been isolated, although 
intermediate dithionite formation was observed. The metals dissolve neither 
in dmso nor in SO 2 separately. The mixed solvent is required for dissolu-
tion of metI to occur, and for oxidation of sulphur(IV) to sulphur(VI). 
Some metals react completely with the mixed solvent within a few hours, 
others more slowly, and the state of division of the metal has a marked ef-
fect on the rate of solution. The mixed solvent appeared completely inert 
towards chromium. Some metals, particularly Sr, Ba and Pb, became passive 
with a coating of insoluble sulphate. 
The thermal decomposition of the solvated metal disuiphates was studied 
up to 1000°C. In general, heating causes an initial loss of solvent to form 
unsolvated disuiphate, followed by loss of S0 3 to form sulphate, and final- 
ly, oxide: 




It is not absolutely clear what is involved in the oxidation of metal to 
metal disuiphate. Dimethyl suiphide is one of the reaction products, and 
this suggests that dmso is acting as an oxidising species, but it is not clear 
whether all the oxygen for the oxidation arises from dmso. Phase studies in- 
dicate the existence of a discrete 1:1 adduct (m.p. —38 °C) of dmso and SO 2 , 
and this is supported by Raman spectroscopic studies, which indicate an ad-
duct of the form: 
Me- 
It 
Although metals are generally converted by dm8o—S0 2 into metal disul-
phate, in the case of the more reactive metals (Li, Na, Mg, Sn, Zn and Cd), 
formation of metal dithionite was observed, as it was with several other sol-
vents containing sulphur dioxide.. This is considered to arise as a result of 
dimerisation of the [SO 2 ] — radical ion, formed when the metal reacts with 
sulphur dioxide (eqns. (1) and (2)). Formation of the [S0 2 ] ion had been 
observed when sodium dissolves in dmso—S02 (Byler and Shriver, 1976). 
M+xSO2 - M+x[SO2] 
	
(1) 
2[S02] 	[8204 ] 2 
	
(2) 
The metal dithionites are oxidised to metal disuiphates by the mixed.. 
solvent dmso—S0 2 . Rinker and Lynn (1969) observed the formation of a 
very reactive form of dithionite, which was considered to be the form con-
taining an S—O—S link, [S02 .S02 ] 2 . Although in the solid state diL 
thionites have the S—S link, [02S.S02 12_,  the form with the S—O—S link 
may well be the reactive intermediate in the oxidative process. Such an 
intermediate is especially attractive in that it can be oxidised by dmso-80 2 
to disuiphate without the need for any bond rearrangements, and a transi-
tionary disuiphite having an S—O—S link may form, as is considered to be 
the case when transition metal suiphites are converted to disulphates 




0 	ol dmso-S02 10.0 	o1 2(dmso-SOz) 
o 	j 	 Lo 	oJ 	oj 
dithioflite 	 disuiphite 	 disuiphate 
Rinker (1959) had observed the formation of the [S0 2 ] ion in aqueous 
solutions of sodium dithionite. It arises as a brown species absorbing at 
395 nm, and is parainagnetic (esr g-value = 2.007). We have been able to 
show that when, for example, magnesium dissolves in dmso—S0 2 , a series 
of colour changes occurs. We observe, as the reaction progresses, the forma- 
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tion of the brown [SO 2 
 ] ion, and a blue species absorbing in the region 
550-590 nm. The same blue colour is observed when sodium dithionite is 
dissolved in dmso. Rinker and Lynn (1968) also noticed the formation of a 
blue species when sodium amalgam reacts with the mixed solvent dimethyl-
formamide—S0 2 , as well as the formation of [S0 2  ]. We have shown that 
the [SO2 ] —  ion can be observed in many solvents. It is generated in two 
ways: (i) by dissociation of the dithionite ion in solution, and (ii) by reduc-
tion of SO2 in solution by a metal. We investigated the reactions of several 
metals with 50 2 in a wide range of solv€nts (Table 1). 
TABLE 1 
Reactivity of metals with solvents containing sulphur dioxide 
Solvent 	 Metal 	 Reaction 
Dimethyl suiphoxide Li, Na, Mg, Ca, Fe, Zn 	positive 
Dimethyl acetamide + 




Trimethyl phosphate + 
Tha(dimethy!amino)phosphine oxide + 
Tetrahydrothiophen 1,1-dioxide negative 
Nitrobenzene - 
Nitromethane - 
Ethyl acetate - 
Acetonitrile - 





The position of the maximum intensity of the blue species in the visible 
region of the spectrum was shown to depend on the metal ion present, and 
this can best be explained by considering the formation of some kind of 
contact ion-pair, [MX + SOfl: e.g. 
[Fe2 ' S0 21 [Mg2 '. SO2 ] [Li'. S021 	[Na'. SOfl 
550 nm 560-565 nm 585 nm 585-590 nm 
The stability and nature of the ion-pair varies according to the metal ion. 
Ion-pairs containing lithium or sodium seem to be the most stable. The 
order of stability observed is as follows: 
LM 
351 
[Li.SOfl = [NaSOfl > [Mg2 S03 	> [Fe3 'S02 J> 
[Zn2 S02 ] 
It was observed that, in order for a reaction between a metal and SO 2 to 
occur in a solvent, the solvent must have both a high donor number (>20), 
as defined by Gutmann (1968), and a high dielectric constant (>20). The di-
electric constant gives an approximate guide as to whether a reaction will 
occur. Thus a solvent of high dielectric constant will favour the reaction: 
M + x SO2 -+ MX + x [S02 ] 
Reaction occurs at the metal surface (the coloured species always arise at 
the metal surface), and the rate-controlling step is that of diffusion of metal 
ions from the metal surface. A solvent of high donor number will favour 
solvation of metal ions, and prevent the recombination: 
MX+ + X [S02 F - M+xSO2 
The [S02] - ion can be generated in solution in the absence of metal. 
Solutions of SO 2 in diinethyifoimamide, dimethyisulphoxide, dirnethyl-
acetamide, and formamide were electrolysed using carbon electrodes. In 
each case, the brown [S0 2 ] ion alone was formed in solution. 
It has also been observed that many oxides dissolved in the mixed sol-
vent systems, notably acidic oxides such as Mn0 2 , Cr03 , A1203 . 
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Reactions in Mixed Non-aqueous Systems containing Sulphur Dioxide. 
Part 3.t The Electrolytic Dissolution of Metals 
Nigel K. Graham, J. Bernard Gill. and David C. Goodall 
Department of Inorganic and Structural Chemistry, The University, Leeds LS2 9JT 
The metals Mg, Cr, W, Fe, Ni. Cu, Zn, Hg, Al, Sn. and Pb dissolve electrolytically in the mixed 
non-aqueous solvents sulphur dioxide-dimethyt sulphoxide, -dimethylformamide, -acetonitrile, 
-acetone, or -nitrobenzene to form solutions containing several sulphur anions. Reactions of the metals 
Mg, Cr. Fe, Cu. and Zn with dimethyl suiphoxide-sulphur dioxide give pure single products of metal 
disulphates. The relationship of solvent parameters to metal reactivity is discussed. 
It was reported earlier 	that many metals react spon. 
taneously with several binary solvent mixtures containing 
sulphur dioxide. Criteria were established which enabled a 
prediction to be made about the ability of this type of binary 
solvent to dissolve a metal: the binary solvent needs to 
possess both a high dielectric constant (a > 20) and a high 
donor number 4 (>20) before spontaneous metal dissolution 
can occur. These minimum values of the solvent parameters 
relate to the two-fold requirement for ionisation of the metal 
with accompanying formation of the sulphoxylate radical ion. 
(S031, and solvation of metal ions with inhibition of re-
combination of metal ion and [S02Y to form metal and SO 2 . 
In this paper we describe how several metals can be in. 
duced electrolytically into solution in some binary solvents 
containing sulphur dioxide which are incapable of promoting 
spontaneous metal dissolution. Several more solvents have 
been investigated and special attention has been given to those 
hitherto apparently inert metals (Cr, W, and Hg). 
Dielectric constant 
Discussion 
The relation of donor number and dielectric constant to metal 
reactivity is shown in the Figure. Solvents which lie obore the 
curve promote spontaneous metal dissolution, whereas those 
below it exhibit no reaction with metals. We have tested the 
solvents shown in the Figure for spontaneous reactivity with 
metals, and our conclusions are confirmed. 
The principal solvents investigated were dimethyl sulph. 
oxide, dimethylformamide. acetonitrile, acetone, and nitro. 
benzene. The metals Mg, Cr, W. Fe, Ni, Cu, Zn, Hg. At, Sn, 
and Pb were dissolved by using them as sacrificial anodes in a 
simple electrolytic cell. It is noteworthy that the metals Cr, W, 
and Hg had previously failed to react spontaneously with any 
of the binary solvent mixtures, regardless of the position of 
the co-solvent in the donor number-dielectric constant 
diagram. 
With a few exceptions in the case of the binary solvent 
dimethyl sulphoxide-sulphur dioxide, electrolytic dissolution 
of a metal into the binary solvent produces a rather complex 
mixture, mainly of sulphur osy.anions such as sulphate, 
dithionate, and thiosulphate. In a few cases, sulphide was also 
detected. The disulphate ion is only formed in the binary 
solvent dimethyl sulphoxide-sulphur dioxide, which is the 
only binary system capable of oxidising sulphur(iv) to 
sulphur(vi), in the form of the disulphate ion. The metals Mg. 
Cr, Fe, Cu, and Zn dissolved electrolytically in dimethyl 
sulphoxide-sulphur dioxide to form crystalline solvated metal 
disulphates, which were characterised by elemental analysis, 
thermogravimetric analysis, and i.r. spcctroscopy. The rate 
t Part 2 is ref. 3.  
Flgwe. Plot of dielectric constant eerauc donor number for (I) 
methanol, (2) ethanol, (3) trimethyl phosphate. (4) dimethyl 
sulphoside, (5) dimethylacetamide, (6) dimethylformamide, (7) 
ethylene sulphite, (8) water, (9) formamide, (10) pyridine, (II) 
diozan. (12) tributyl phosphate, (13) tetrahydrofuran, (14) diethyl 
ether, (IS) ethyl acetate, (16) acetone, (17) nitrobenzene, (18) 
acctonitnlc. (19) tetrahydrothiophen l,l.dioxide, (20) ethylene 
carbonate, (21) phenylphosphonic dichloride, (22) n-propionitrite. 
(23) n-butyroniirile, and (24) propylene carbonate 
of formation of these compounds depends on the potential 
difference maintained in the electrolyticcell, and on the current. 
In the case of iron, choice of background electrolyte is im-
portant. Use of tetraethylammonium tetrafluoroborate 
always led to formation of a mixture of sulphate and di. 
sulphate, whereas use of tetraethylammonium perchlorate 
always gave disulphate. In the case of aluminium, a mixture of 
sulphate and disulphate was obtained, irrespective of the 
nature of the background electrolyte. Generally, a potential 
difference of 10 V was applied across the cell, and currents of 
40-100 mA were obtained. 
Other factors influencing the rate of formation of the 
compounds were the metal and the state of passivation of the 
electrodes. Dithionite ions around platinum electrodes are 
known to give rise to a significant degree of passivation in 
mixtures of dimethyl sulphoxide-sulphur dioxide, 2 and it is 
likely that the various sulphur oxy-anions formed in several 
binary solvents containing sulphur dioxide also give rise to 
considerable passivation. 
The solvated disulphates of the metals Mg, Cu, and Zn 
were prepared previously and fully characterised. 1 -3 Those of 
chromium(m) and iron(m) have been prepared for the first 
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Table. Infrared band, (cm) of metal disulphtes 
(Fc,(dmso),,J- 





690 (sb) 675w dmso 
540s 840h (5,0,? - 
9003 
955$ 95M 	 dmso 
I ows 1005. 






I 330m 1 320m 	 dnuo 
time. They aze hygroscopic crystalline solids, readily so e lubl 
In dimethyl suiphoxide (dmso). The i.r. bands art shown in the 
Table. The S-O stretching frequency of dmso oceurs at 1053 
cm'. In the complexes, if the bands at I 000.-900 air' are 
assigned to the SO stretching frequencies, there is a shift of 
50-150 cm' when dmso co.ordinazes to the metals. The 
shift in each case is to a lower frequency compared to the free 
solvent, and indicates co-ordination to the metal through 
oxygen. An unusual.feature of the products lies in the very 
large number of co-solvent molecules which appear to form 
pert of the atals. It Is not yet dear how these are disposed 
in the crystals. Comparisons of the spectra of the disuiphates 
with that of anhydrous potassium disulphate and the reported 
spectrum of sodium disuiphate' dearly indicate the presence 
of the disulphate ion. 
The thermal decomposition of the solvated disulphates has 
been studied up to I 000°C.Dataforthesolvateddisulphates, 
of Mg", Cu", and Ni" have been reported elsewhere." The 
compound fCr,(dmso),JS,O,L begins to lose dimethyl 
sulphoxide at 110 °C and at 400 C Cr,(S,O,), is obtained. 
Further heating results in loss of SO, to give Cr,O, at 700 °C. 
The compound (Fe,(dmso), 911S,0,J, SO, begins to lose weight 
at 110 °C, losing dimethyl sulphoxide stepwise, and SO,. Al 
290 °C Fe,(S,07)3 is obtained. Further heating results in loss 
of SO, to give Fe1(SO4), at 395 'C, followed by loss of more 
SO, to give Fe,O, at 900 C. 
It may seem surprising that iron is not present as iron(i,) in 
the disulphate, as indicated by the lack of reaction with 
permanganate ion. However, sulphur dioxide does not show 
reducing properties In the binary non.aqucous system; in. 
deed, oxidation of sulphuz(,v) to sulphur(v,) is permitted. 
The steps involved in the oxidation of metal to metal di. 
sulphate have already been reviewed in some detail.' Much 
evidence caists to indicate that the (SO,) ion plays an im-
portant part in the spontaneous dissolution of metals in 
several binary solvent systems containing sulphur dioxide.' 
The formation of (SO,)" from SO, in the presence of metal 
requires the presence also of a co-solvent, such as dimethyl 
sulphoxide. which can form a reactive adduct with SO1. An 
adduct of I : I stoictseiometry has been shown to exist in the 
case of dimethyl sulphoxide-sulphur dioxide.' 
The co-solvent must possess a high dielectric constant to 
facilitate joint formation of metal cations and (SO,)"; it must 
J. CHEM. SOC. DALTON TRANS. 1983 
also possess high donor power to assist formation of solvated 
metal rations and to prevent recombinatior, of metal ration 
and (SO,)". It has already bow shown' that ISO,) - can be 
generated electrolytically in binary solvents in the vicinity of 
an inert anode. It is therefore reasonable to assume that, ins 
cell containing an inert cathode and a sacrificial metal anode, 
both metal cation. and (SO,)" will be generated simul-
taneously during electrolysis. Indeed u.v.-visible spectra have 
indicated formation of the brown (SO,J species ().. = 395 
nm) near the cathode surface, together with blue metal ion 
pairs = 560-590 nm), so that the solution in the 
vicinity of the cathode assumes a green colouration. 
In the electrolytic cells, (5023" undergoes a series of very 
complex reactions which produce a wide variety of sulphur 
oxy-anions. This is quite contrary to the simple dimerisation 
of (SO23 to dithionite, which ocews in those solvent mix-
tures in which metals dissolve spontaneously. Only in the 
case of the binary system dimethyl sulphoxido-sulphur dioxide 
does a straightforward conversion of (SO,) - into disulphate 
oceur under electrolytic conditions. In this respect, the oxid-
ation of sulphur(iv) to sulphur(vs) as disuiphate, which is 
unique to the system dimethyl sulphoxide-sulphur dioxide, is 
the predominant step in the sequence of reactions. In the case 
of the other binary systems, where this oxidative step cannot 
ocaur, several interactions of (SO,) with (SO,J. SO,, and 
other sulphur oxy-anions are possible on account of the high 
reactivity of (SO,)" towards sulphur and oxygen. 
Experimental 
All operations were carried out under dry oxygen-free nitro-
gen. Solvents were dried over molecular sieve 4A, deoxy-
genated, and redistillod, and then saturated with sulphur 
dioxide (dried over phosphorus(v) oxide and concentrated 
sulphuric acid). An open cell in a dry-box was used. This 
contained a platinum wire as the cathode, and a background 
electrolyte of 03 niol dm' tctraethylammonium perchlorate 
or 0.1 mol dm' tetraethylaznmonium tetrafluoroborate. 
Preparaflons.—The salts (Mg(dmso),3(S,0,), (Cu(dmso)j-
(5,0,), and (Zn(dmso)JS,O.,) were prepared by elecirolysing 
a rod of the metal, used as an anode, into dimethyl sulph-
oxide-sulphur dioxide until a crystalline precipitate formed 
at the base of the cell. The precipitate was filtered off and 
washed with dry diethyl ether. Analyses, i.r. spectra, and 
thermograms corresponded to those found for the same 
compounds prepared by spontaneous dissolution of metal in 
the binary solvent." 
In the following cases, the method described for the corre-
sponding magnesium compound was followed: (Cr,(dmso), 0). 
1S,07L, green crystalline solid (Found: C. 21.8; H, 5.4; Cr, 
4.65; S,37.6. Calc. for C. 21.9; H, 5.45; Cr, 
4.75; S. 37.95%J; (Fe,(dmso),,flS,O,),-SO,, yellow crystalline 
solid (Found: C. 16.1; H. 4.25; Fe, 7.45; S. 36.55. CaIc. for 
C,,H,,Fe,O,,S,,: C, 16.15: H, 4.05; Fe, 7.55; 5, 36.65%J. 
Physical Measurements,—Infrared spectra were recorded on 
a Perkin-Elmer 457 grating spectrophotometer and on a Pye 
tinicam SP2000 spectrophotorneter as Nujol rnulls. Thermo-
gravimetric curves were obtained using a Stanton thermo-
balance. Carbon, hydrogen, sulphur, chromium, and iron 
were determined by Mr. A. Hedley of this department. 
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Abstract  
-The metals Ti, Zr,V, Q, Mo, Fe, Ni and Sn dissolve electrolytically in the binary solvent system 
-:dimethyl sulfoxide-sulfur dioxide, forming metal. disulfates; W forms sutfatà. The metals dissolve 
electrolytically in other binary systems containing sulfur dioxide, forming mixtures':of.julfw 
flTVfljflflQ Th lmnirtnne, of 4n1vtnt flArRnt,,rq in nitaI rinr'tij,itv i q diw.Lieapd,  1n..sh.,' with 
the mechanism of the reactions.  
Jut oduction 
Many metals react spontaneously with certain organic solvent systems containing 
su1fu dioxide' The ability of these binary solventmixtures to dissolve a metal 
depends on both the dielectric constant and the donor number' of the organic-
co-solvent The co-solvent must have a moderately high dielectric constant (a >20) 
as well as a donor number greater than 20 for spontaneous dissolution to occur 
A selection of solvents, arranged according to. their dielectric constants and donor 
numbers, is displayed in .  Fig. l Spontaneous solution only occurs in the cases of 
those mixtures containing co-solvents which lie above the curve, dimethyl sulfoxide 
lies well above 
An important intermediate species involved in the formation of sulfur oxyanion 
compounds in these non-aqueous solution mixtures.is .the sulfoxylate radical ion 
[SO2 *] - . For the formation of this species the co-solvent must possess a high 
dielectric constant. At the same time a co-solvent with a high donor number is 
required to provide a good stable solvation sphere of solvent molecules around the 
metal ions, to minimize electron transfer between metal ions and [S0 2 *1 in the back 
reaction to metal and sulfur dioxide. 
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The solvent system which we have investigated most extensively is Me 2 SO-S02 . 1-3 
This system promotes the ultimate formation ofdisulfates, which arise from a sequence 
of reactions involving metal ion-pairs [M (S02  ),], metal dithionites, and a 
final oxidation stage. This last step involves oxidation ofS" to SVI  indthe transfer 
of oxygen atoms from dimethyl sulfoxide to the sulfur oxyanions. 
In other solvent systems, such as dimethylformamjde_sulfur dioxide, th e: spon-
taneous dissolution of metals leads only to the..formation of sulfur ôxyanions con-
taming the sulfur atoms in lower oxidation states, e g dithionite and sulfite 
10 	1 
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FIg. 1 Dielectric constant against donor number.  for I methanol, 2, ethanol 3 tn-
methyl phosphate; 4, dimethyl sulfoxide; 5; dimethylacetamide; 6,. dumethyl-
formamide; 7, ethylene sulfite; 8, Wa en; 9, formàmide; 10, pyridiné; 11dioxan; 
12, tnibutyl phosphate; 13,' tetrahydrofuran; I4 diethyl ether; 15, ethyl: acetate; 
16, acetone; 17, nitrobenzene; :18, acetonitrile; 19, sulfolane; 20, ethylene carbonate; 
21, phenylphosphonic dicliloride; 22, propionitrile; 23,. butyronitrile;. 24, propylene 
carbonate. . .....' .., 
• By means of a process in which a metal is used as a sacrificial anode in a simple 
electrolytic cell we have been able to dissolve' metals in binary solvent mixtures 
containing SO 2  and co-solvents with low dielectric constants and low donor numbers, 
e.g. acetonitrile, acetone, nitrobenzene etc. We have also found that the metals Cr, 
W and Hg, which hitherto had failed to dissolve spontaneously in any of the mixtures 
containing co-solvents of high dielectric constant and donor number, can be brought 
into solution in the electrolytic cell. 
The characterizations of the solvated disulfates, as prepared by the spontaneous 
dissolution method for the metals Mg, Mn, Co, Cu, Zn, Ti, V, Fe and Ni, have 
already been presented and discussed in earlier papers. 23 The syntheses of the 
disulfates of Ti, V, Fe, Ni, Cr, Zr, Mo and Sn by the electrolytic dissolution method, 
Reactions in Non-Aqueous Systems. V 
which leads to disulfates of different oxidation states in the cases of Ti and Fe, are 
reported in this paper. 
Results and Discussion 
- In the cases ofsolvent systems containing cosoivents other than dimethyl suifoxide 
qwte complex mixtures of sulfur oxyanions are obtained when electrolytic dissolution 
. of a metal from the mode occurs ; sulfate, sulfite, dithionite, thiosulfate and sulfide 
: anions have all been obtained as products from these solvents However, only the 
disulfate anion (and in very rare cases, sulfate) is formed when the binary solvent 
system Me2SO—S02 is used 
Crystalline solvated metal disulfates are obtkine& when the metals Mg, Ti, Zr, 
Mo, Mn, Fe, Co, Ni, Cu, Zn and Sn are dissolved electrolytically into 
Me2SO—S01 With W the sulfate forms The compounds have been characterized 
by elemental analysis, thermogravimetric analysis and infrared spectroscopy 
The rate of formation of the compounds depends on the potential difference applied 
to the cell and the current Choice of background electrolyte can have a significaiit 
influence on the sulfur oxyanions formed For iron the use of tetraethylammonium 
tetrafluorobnrath ves rise tn the formation of a micture 0f  sulfate and disuifa'e, 
but with tetraethylammonium perchlorate as supporting electrolyte only the disulfate 
is formed Aluminium dissolves to give I mixture orsulfate and disulfate regardless 
- of background electrolyte - 
Some interesting compansons can be- made between some. of the metal disulfate 
preparations reported in this paper and those- reported in earlier papers2 3  In the 
cases of the electrolytic dissolution of Ti, Zr and Mo, disulfates of the metal are 
obtained in which the metals are found tobe in one of their lower oxidation states 
On the other hand, iron lorms a newcomplex disulfate which contains the FCW 
state, this must be contrasted with the Fe" compound formed when iron dissolves 
spontaneously into Me2SO—S02 The formation of a compound containing Fe" 
is not too surprising because we have shown in our earlier work that SO 2 does not 
usually exhibit any reducingproperties in Me2SO-S02 mixtures 
All the solvated disulfates are crystalhne, hygroscopic and with the exception of 
the zirconium compound, very soluble in dimethyl sulfoxide 
Infrared frequencies are shown in Table I Dimethyl sulfoxide appears to 
coordinate to the metal through Oxygen, as indicated by the lowering of the S—O 
stretching frequency from 1053 CmTI  in free dimethyl sulfoxide to about 950 cm 
in the disulfate salts 	m Coparisons of the spectra of the disulfates with those of 
anhydrous potassium distilfate and sodium 'disulfate 6 indicate clearly the presence 
of the disulfate as one anion.  
The thermal decomposition of the .sólvated disulfates was studied up to 10000 . 
Data for the solvated disulfatesof Mg", Mn", Co", Cu" and Zn" have already 
been eported. 235 The compound Ti 2(Me2SO)6(S207)3  loses weight continuously; 
no intermediate decomposition products were observed, and the nature of the final 
product is in doubt. Zr2(Me2SO), 0(S207 )3 loses Me2SO stepwise initially, but no 
other decomposition products were discernible. V 2(Me2SO), 1 (S 207 ) loses (Me 2 SO) 
continUously; V 2(S 207 )3 is observed at 170°, V 2(SO4)3 at 280°, and V 203 at 500°. 
' Maylor, R., Gill, J. B., and Goodall, D. C., I. Chein. Soc., Dalton Trans., 1973, 534. 
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Cr2(Me1SO)20(S207)3 loses (Me2SO) continuously; Cr 2(S207)3 forms at 4000 and 
Cr203 at 7000. Fe2(Me2 SO)10(S207)35O2 loses Me2SO and SO2 steadily. At 2900 , 
Fe2 (S207 )3 is obtained, and at 3950,  Fe2(SO4)3 . Further heating yields Fe 203 at 
90 Mo(Me2SO)4(S207) loses weight continuously until M002  is observed at 395°. 
Ni(Me2SO)7(S2O7) loses Me2SO stepwise, giving N1S 207 at 1300, N ISO4 at 400°,, 
and NiO at 1000° Sn(Me2S0)4(S207) loses Me2SO stepwise giving Sn(Me 2SO). 
(S2
(?
7) at 1750 , SnSO4 forms at 305°, and Sn02 at 10000 W2(Me2SO)6(SO4)3 
decomposes in a stepwise manner initially, giving W03 at 570° 
Table I Infrared frequeod (an - ') of metal disulfatee 
Metal disulfates Ti2(Me3S0)6(S20,)3 (1) Z,(MeaSO)(S,O7) 3 (2), V2(MC3SO) 1 ,(S207)1  (3) 
Mo(Me,SO)4S207) (5), Fe2(Me,SO),0(S207),SO2  (6), Ni(Me,SO),- 
(2) 	(2) 	. (3)..: . .(4) •. 	.., (5)'.......(6). 	(7) .•. . 	(8) 	Assignment 
430w 	'430m 	.'442m• ; 44oW 	4sos: 	442ni 	ow.) 
572m 	570n1 . ,... 	..- I 
588m 	582rn 	 582rn 	585s 	. :50$ - -, 585m rS307)  
	
. 	:. 	.. - .--.. .,... 3Q5m.:595. 	59'J 
• 	 660w . . 672m .. . :" 	.690$h. 	670$h.'.. 675w:: 	Me,SO. 
..i-... . 690w..-. 	. ................. 
830w 	:. 	830m 	 .• 840$ 	-• 838m 	: 840rn • (S;O,)2 
- 935' . 918a 890v .. 900$ 905w 900S 
9555 	950w 	957u,, 	9555 	94()yg 	950$ 	955w 	 Me,SO 
990$ 991nr 1000$ 1000' SP 0155 lOOSe IOO2va 
• 	 1048 - 	1030w .lO4Ow•.. . 1040$:-: 	138sb' 	1030$. -4030w.. 	3030$v- 
1052s 	 1060vi 1060s 4060$ 1060$ 
: 	1115w......................• 	•.. 	:... .. IllSs•, 	. . 1115m• 	S, 
1140$ 1150$ 
1160sh' 	' 	'1175sh 	
. 	
.-.1165s 	1160s- 	1160th 
1265s 1255s '1260s . - 1230s -- 	1245vs.''' 1235s 1250s 1242s 
1327w 	1325w(. .. 1332m . 1330m..- 1321s......1320m .•1328m 	1330in 	Me1SO 
The process involving oxidation of metal-to-metal disulfate in Me 2SO-S02 has 
been discussed previously in some detaiL 2 The formation of [S02'f from S02 inr.
the presence of metal requires also the presence of a co-solvent, such as Me 2SO, 
which can form a reactive adduct 'vith SO2  Such an adduct with I 1 stoichiometry 
has been shown to exist for. Me 2S( 02 [S02 ] can be formed in the binary 
solvents at an inert anode in an electrolytic cell containing an inert cathode and a 
sacrificial metal anode. The brown [SO2 1 (A m. 1 395 nm) and blue metal ion-pairs 
• . (()• ),], (A,..... 560-590 nrn) have been detected near the cathode surface. 
[S02 1 appears be involved in a series of complex reactions in electrolytic cells, 
to yield several different sulfur oxyanions. This is quite unlike the simple dimerization 
of [S02 ] to dithionite, which takes place in those' solvent systems, which promote 
spontaneous metal dissolution. Only in the binary system' Me 2SO-SO2 'is [S02 ] 
converted in a straightforward manner into disulfate under electrolytic conditions. 
This oxidation of 51V S" as disulfate is unique to the system Me 2SO-S02 .  to 
In the case of other binary systems, where this oxidative step cannot occur, several 
interactions of [SO 2 ] with another [SOn ], SO2 and other sulfur oxyanions are 
possible as a consequence of the high reactivity of[SOfJ towards sulfur and oxygen. 
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Experimental 
General 
Operations were. all carried out in dry anaerobic conditions. All solvents were dried over a 
4A Molecular Sieve, deoxygenated, redistilled and saturated with sulfur dioxide [dried over phos-
phorus(v) oxide and concentrated sulfuric acid]. 
The Apparatus 	. 
• 	 An open electrolytic cell in a dry box was used. This contained a platinum wire as cathode, 
and a background electrolyte of 0 5 MtetracthylammOnium perchlorate or 01 M tctraethylarnmonium 
•  -. tetrafluoroborate. A potential difference of 10 V ,was applied to the cell for all metal dissolutions. 
This resiifted in cell currents of 40-100 mA. The rate of formation of compounds dàpends on the 
metal, and passivation of the electrodes can often affect pafonnaneeDith1onite ions In the vicinity 
of platinum electrodes are known to give rise to sigmflcant passlvatlon of the dectrodes in 
Me3SO-S01 mixtures.' - .• 0 
TheConun 	 -. 	- 
All compounds ware prepared by eleczxolysing a rod of the metal, inserted as an anode, into 
- 	Me2SO-SO a until a crystalline product formed at the base of the cell. The product was filtered, 
washed with dry ether and recrystalii7ad from dimethyl sulfoiide - Analyses, infrared spectra and 
• 	- thermograms for the disuifates of Mg 11, Mn", Co" 	'! aud !! corresponded to those found for 
• the same compounds prepared by spontanáóus dissolution of metal in the binary solvent. 2 - 3 ' 5 
• 	: . 	Ti2(Me2SO)6(S30,)s, colourless crystalline solid (Found: C, 13-7; 4,  3•7; S, 35.9• CaIc. for 
• 
	
- C,2HO27S,5Ti2:. C, 13-2 H, 3-3; S. 35-2%). Zz2(Me3SO), 0(S20,)3,colourless crystalline solid 
(Found: C,16-25 -H,4-O; S,342. ;CalcfcrCsjH.oOa,S,,,Zr a : C, 16-6;  
:•.Cr2(Me2SO)20(S2O,)3, Ste. en:YtaI111 solid (Found: C, 21-8. H 5-4; Cr,47; S. 37-6. CaIc. 
for C. 0H, 20Q 3O42 S25 C, 21 9, H, 5 5, 	, 4 8, S, 38 0%) Mo(Me 2SO)4(S20,) orange 
• :7St211ü1e solid (Found: C, 16.2; - if, 4 S3-5:Cãlc. for.C.H24MoO11S6 : C, 16'5; H, 4-2; 
C, 1610; H,4-3; Fc75; 
• • .S,.36-6 Calc.forCLf60Fe2O33S57 :C, 16'2; 11,4-i; Fe,7-6; S,36-7%). - V2(Me 2SO),,(5207)3, 
dark greencrystalhne solid (Found: C, 17-4; H, 4-7;.S,3S3. Caic. for C23H66032S17V3 : 
5,36-6%). Ni(Me3SO),(S2O,) pale green crystalline solid (Found: C, 21•3; 
H,5-5; S,365; Ni 9 7-9. CaIc. for.C, 4H,,3NiO,4S9 : C,21-5; H,54; Ni,75; S,36-9%). 
• Sn(Me2SO)4(S207), colourless crystalline solid (Found: C, 15-2; H, 39; S, 30-6; Sn, 200. 
Caic. for.C5H240, 1S6Sn: C, 158;.H, 4-0; S.  31-7; Sn, 196%). W(Me2SO)6(SO4)3 , colourless 
crystalline solid (Found::C, 12-6; H,3-4; S. 25-3; W, 32-7. CaIc. fàrC 12 H36O, 5S9W2 : C, 12-8; 
H,32; S,25'7; •w,32-7%). . -. .. . 
Physical Measurements 
Infrared spectra were recorded on a Pyc Unicarn SP2000 spectrophotometer as Nujol mulls. 
Thermogravimetric information was obtained by using a Stanton STA 780 thermobalance with the 
samples in dry oxygen-free nitrogen gas. 
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A Novel Reaction of Metal Oxides with the Mixed Non-aqueous System 
Dimethyl Suiphoxide—Suiphur Dioxide 
Brian Jeifreys, J. Bernard Gill, and David C. GoodaiI 
Department of Inorganic and St,uctural Chemistry, Unive,'sity of Leeds. Leeds LS2 9JT, U.K. 
Several metal oxides react with the system dimethyl sulphoxide-suiphur dioxide to give metal disulphates; in 
contrast with the spontaneous reaction of metals with the system, no evidence is found for the involvement of 
metal-S0 2-  ion pairs, and direct conversion of oxide through suiphite is thought to occur. 
The metal oxidà MgO V,0,, CO,, MnO,, CoO, CuO, Co,O, disuiphates, M,(S1 0,),.zdmso. The products were character. 
and ZnO react readily with the mixed non.aqueous system 	ised by elemental analysis for metal, sulphur, carbon, and 
dimethyl sulphoxide(dmso)-sulphur dioxide to form metal hydrogen, thermogravimetric analysis, and i.r. spectroscopy. 
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The oxides SnO,, PbO,. LaO,, and Ag,O react slowly, or give 
products whose composition is difficult to determine. The 
oxides TiO,, Cr,O,, Fe,O,, Co,O,, NiO, MoO,, and Al,O, do 
not react at all. 
_The oxides generally dissolve neither in dimethyl sulphoxide 
nor in sulphur dioxide separately; the mixed solvent' is usually 
required for dissolution. Cr0, is the only oxide soluble in 
dimethyl suiphoxide alone. Reaction of Cr0, with dmso-SO, 
leads to the formation of Cr,(S,O,),14dmso, which can be 
precipitated by addition of diethyl ether. Cr' in the form of 
chromate or dichromate can also be reduced in the mixed 
solvent system to give the same product. This is the first known 
preparation of a disulphate of chromium, although we have 
found that chromium can also be convened electrolytically in 
dmso-SO, into the disulphate. Chromium is the only First 
Transition Series metal which does not react spontaneously 
with the mixed solvent system,' and hence this reaction cannot 
be used for the preparation of the disulphatc. Both Cu' oxide 
and CU" oxide give rise to the formation of Cu" disulphate in 
the mixed solvent system. Unlike the process whereby metals 
react spontaneously with d.mso-SO,, the reaction of the system 
with oxides offers no evidence for the intermediate involvement 
of ion pairs of the type (M'(SO,-),].' It is likely that, since 
the metal ion is already strongly bound to oxygen in the oxides, 
no competition from SO, is experienced, and the initial step 
is probably direct conversion of oxide into sulphite followed 
by solvation by sulphur dioxide and oxidation by dmso to 
metal disulphate (Scheme I). 
It was shown earlier' that the sulphites of cobalt and nickel, 
and more recently' that those of manganese, iron, and copper, 
react with dmso-SO, to form the disuiphates, and the mechan. 
lsm has been discussed. 
SO, 	2dmso 
MO + SO, MSO, -b MS,O, -b MS2O, 
Scheme I 
It is not clear at this stage which factors are most important 
in determining whether or not an oxide reacts with dmso-SO,. 
It may depend to some extent on the defect structure of the 
oxide, rather than on the redox parameters of the metal, 
bearing in mind the clear differentiation observed in the be. 
haviour of CoO and NiO towards dmso-SO,. 
Preliminary experiments indicate that other solvent-sulphur 
dioxide mixed systems react with metal oxides. However, they 
are less reactive than our system, which is unique in its 
ability to convert sulphur(iv) into sulphur(v,) in the form of 
the disuiphate ion. 
Operations were carried out under dry oxygen-free nitrogen. 
Dimethyl sulphoxide was dried over 4A molecular sieve, 
deoxygenated, and redistilled under reduced pressure. Sulphur 
dioxide was dried by passage over phosphorus(v) oxide and 
through concentrated sulphuric acid. 
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ABSTRACT 
Gill, J.B., Goodall, D.C. and Jeffreys, B., 1984. New leaching agents for oxides. The reac-
tion of metal oxides with the mixed non-aqueous systems; dimethyl aulphoxide—suf-
phur dioxide, dimethyl formamide—sulphur dioxide and acetonitrile—sulphur dioxide. 
Hydrometallurgy, 13: 221-226. 
The metal oxides MgO, V 2 0,, Cr0 3 , MnO,, CoO, CuO, Cu 3 0, and ZnO react with the 
mixed non-aqueous system dimethyl sulphoxide (DMSO)—sulphur dioxide to form metal 
disulphates as final products. Other oxides (Sn0 3 , PbO,, La 30,, and Ag 3 0) react with the 
mixed solvent, but it has not been possible to characterise the final products. The oxides 
T10 2 , Cr 20,, Fe 20,, Co30 4 , NiO, MoO 3 , and A1 30, do not react with the mixed solvent. 
The same differentiating behaviour is shown by dimethyl formamide (DMF)—sulphur 
dioxide, but products of indeterminate composition are obtained. DMF—S0 3 reduces the 
oxides of copper to copper metal. The system acetonitrile—suiphur dioxide reacts only 
with the oxides of copper. Likely mechanisms for the reactions are discussed. 
INTRODUCTION 
Recent investigations of the properties of sulphur dioxide in dimethyl sul-
phoxide and other non-aqueous solvents show that such solvent media are 
able to differentiate between various selected metal oxides (Jeffreys et al., 
1982). The same mixed solvents had earlier been shown (Gill et al., 1981) to 
react with metals, also showing excellent selectivity in some cases. Most im-
portant aspects of the leaching of oxides with these mixed solvents, particu-
larly dimethyl suiphoxide (DMSO)- sulphur dioxide, are that the selectivity 
in particular situations is often 100%, and that a metal can be leached and 
converted directly into a metal compound of high industrial value. Such an 
example arises with cobalt(II) oxide, which can be completely separated 
from nickel(Il) oxide. These two oxides often constitute almost 100% of 
0304-386X/84/$03.00 © 1984 Elsevier Science Publishers B.V. 
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secondary cobalt-bearing raw material, and as cobalt is a valuable metal 
which has to be imported entirely, systems such as the ones we describe 
offer considerable potential for the low-energy removal of cobalt. Using 
DMSO—S0 2 , cobalt oxide can be converted directly into cobalt disulphate 
and cobalt sulphate, which are valuable chemicals in the cobalt chemicals in-
dustry. 
An unusual reaction is observed between the oxides of copper and the 
mixed solvent dimethyl formamide (DMF)—sulphur dioxide, whereby the 
oxides are reduced to extremely pure metal. This is a valuable process in that 
copper oxides may be converted to copper metal of high purity at room tem-
perature, thereby affording potential savings in energy. In addition, there is 
the possibility of converting copper oxide in complex wastes directly to 
metal. 
In all cases, attention has been paid to the choice of organic solvents, with 
two issues in mind. Solvents have been selected which. are already produced, 
at reasonable cost, in bulk for the heavy organic chemicals industry. The re-
cycling of organic solvent appears relatively straightforward in each case. Al-
though DMSO participates in the reaction when oxides dissolve in DMSO-
S03 , the reaction product, dimethyl sulphide, is easily reconverted to DMSO 
with hydrogen peroxide or permanganate. Solvents such as DMF or ace-
tonitrile appear to act simply as activators for SO 2 in the mixed systems. 
Thus the solvent presents no basic problems as far as recovery is concerned. 
Such systems offer real practical possibilities for the recovery of values 
from complex secondary raw materials, and even from many primary raw 
materials. A large number of secondary sources contain mixtures of oxides, 
or oxides and metals. Further work is currently in progress on such aspects. 
The present paper outlines the differentiating behaviour which mixed 
non-aqueous solvents containing sulphur dioxide can show towards metal 
oxides, and the chemical behaviour of the systems is discussed. 
EXPERIMENTAL 
Products were obtained by adding powdered metal oxide with stirring at 
25° C to freshly distilled solvent (A.R. grade), after which the mixture was 
saturated with sulphur dioxide. The solutions were filtered from any excess 
oxide, and the metal sulphur oxyanion products obtained either by addition 
of diethyl ether to the filtrate, or by allowing the products to crystallise. 
The products were filtered, washed with dry diethyl ether, and placed in a 
desiccator. Air and water vapour were excluded at all stages. Yields of pro-
duct are of the order of 90%. 
Infrared spectra were recorded on a Pye Unicam SP2000 spectrophoto-
meter as Nujol mulls. Thermo gravi metric curves were obtained using a 
Stanton thermobalance. Metals were determined by atomic absorption. C, H, 
N, and S were determined by Mr. A. Hedley of this department. 
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RESULTS AND DISCUSSION 
The powdered metal oxides MgO, V 20 5 , Cr03 , Mn02 , CoO, CuO, Cu 20, 
and ZnO dissolve at 22-25 ° C with occasional stirring in the mixed non-
aqueous system DMSO—sutphur dioxide, from which solution the pure metal 
disuiphates, M(S207) • zDMSO, finally crystallise, or may be precipitated 
on addition of diethyl ether. Some of the oxides dissolve within a few hours 
(MgO, Cr0 3 , CoO, ZnO) and others require one to two days. The oxides 
Sn02 , Pb02 , La203 , and A92 0 dissolve in the mixed solvent, but no pure 
final products have been isolated. The oxides Ti0 2 , Cr203 , Fe203 , C0 304 , 
NiO, M003, and A1 203 do not dissolve in the mixed solvent. 
Oxides generally dissolve neither in DMSO nor in SO 2 separately. The 
mixed solvent is usually necessary for dissolution of oxide to occur, and for 
the subsequent oxidation of sulphur(IV) to sulphur(VI). The oxides react at 
ambient temperature (22-25 ° C) usually within two days with only occa-
sional stirring. The solvated disulphates of the metals Mg, V, Mn, Co, Cu, and 
Zn have been previously prepared and fully characterised (Harrison et al., 
1978, 1979). 
Cr0 3  is the only oxide soluble in DMSO alone. It reacts with DMSO—S0 2 
to form Cr 2 (S 2O 1) 3  24DMSO. The same product is obtainable when chromi-
um(VI) in the form of chromate or dichromate is reduced by the mixed sol-
vent. Chromium is the only first transition series metal which does not react 
spontaneously with the mixed solvent, though it may be brought electro-
lytically into the solvent (Graham et al., 1983) to yield chromium(III) disul-
phate. Both copper(I) oxide and copper(II) oxide yield copper(II) disulphate 
in the mixed solvent, and it is interesting to recall that, in aqueous SO 2 , re-
duction of copper(II) to copper(I) would normally occur as would reduc-
tion of chromium(VI) to chromium(III). Thus it is important to note that 
SO2  possesses very different redox characteristics in DMSO—S0 2 than it does 
in H20—S02 , and it should be realised that oxidation of sulphur(IV) to sul-
phur(VI) occurs in all cases in DMSO—S0 2 . Such behaviour may result from 
the adduct formation which is known to take place between DMSO and SO 2 , 
but a significant factor may • well be the complex mechanism of transforma-
tion of oxide to disulphate which is considered likely. It is thought that 
intermediate sulphur oxyanion species may arise which contain S-0—S link-
ages, but it is impossible to say how these would stabilise particular oxida-
tion states of a metal. DMSO is known (Harrison et al., 1978) to behave as 
an oxidising agent in DMSO—S0 2 , but where Cr0 3 dissolves in DMSO—S0 2 , 
it is unknown whether chromium(VI) participates in the oxidation of sul-
phur(IV) to sulphur(VI). It seems that no conversion of SO 2 to sulphate 
takes place, and that all the SO 2 is used in the formation of disuiphate. This 
removes the possibility of a redox reaction between chromium(VI) and SO 2 , 
such as occurs in water. 
No evidence has been acquired to indicate that the reaction of DMSO-
S0 2  with oxides involves intermediate formation of S0 radical ion, or of 
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contact ion-pairs such as [M (SO)]. This is in sharp contrast with the 
observations of the reaction of metals with DMSO—S0 2 . In the oxides, the 
metal is strongly bound to oxygen, and it does not seem likely that the much 
more weakly coordinating S0 2  would displace the oxide oxygen. It is prob-
able that direct attack of SO 2 upon the oxide occurs as the first step, with 
conversion into suiphite, to be followed by solvation by SO 2 to disuiphite, 
and oxidation of the latterby DM80 to disulphate: 
0 









It has already been shown that the suiphites of manganese, iron, cobalt, 
nickel and copper (Maylor et al., 1973; Harrison et al., 1983) form disul-
phates when treated with DMSO—S0 2 . For such a conversion it is essential 
that the intermediate sulphite is highly covalent, so that it can enable the 
formation of S—O---S linkages, in which sulphur(IV) can ultimately be oxid-
ised by DMSO. The existence of highly covalent oxide is thus extremely 
favourable for the formation of covalent suiphite. 
It is not certain which factors are the most important in determining 
whether a particular oxide reacts with DMSO—S0 2 . It could be that there is 
some dependence on the defect structure of the oxide. Redox factors rela-
ting to the metal may be of some significance. A very marked selectivity is 
seen in the behaviour of cobalt(II) oxide and nickel(II) oxide with DMSO-
S0 2 , and it looks in this case as though the redox factor may be unimpor-
tant. However in the case of CoO and C0 304, and of Cr0 3 and Cr 203 , it 
seems as though the redox properties of the metal could be significant. 
The oxides of copper(I) and copper(II) undergo a remarkable reduction 
at room temperature with the mixed system DMF—sulphur dioxide, forming 
very pure copper metal (99.9(5)% pure) in 90% yield. Both oxides dissolve 
to give an orange-coloured solution, but copper precipitates when the solu-
tion has stood for three days. This is the first reported reduction of oxides of 
copper to metal using SO 2 , and is of great significance in that it is a low-
temperature process. The orange intermediate is probably a sulphur oxy-
anion compound of copper(I) and the reaction may involve the direct con-
version of oxide to suiphite, followed by solvation by sulphur dioxide and 
disproportionation of copper(I) to copper(0) and copper(II), the latter being 
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further convertible to copper(I) sulphite: 
DMF 	SO2 
CuO,Cu 20 + SO 2 	) Cu 2SO - Cu2S205 - Cu + CuS03 
so 2 
Copper(I) is stabilised by some non-aqueous solvents, and this factor has al-
ready been utilised in the production of high-purity copper (Muir et al., 
1975). 
The orange intermediate is readily oxidised, giving a green solution, but 
this process can be reversed if air is then excluded, as a result of reduction 
by the SO2 . Unlike DMSO—S0 2 , DMF—S02 cannot oxidise sulphur(IV) to 
sulphur(VI), and thus the orange intermediate is likely to contain an anion 
of sulphur(IV), possibly disuiphite. Similar orange solutions have been seen 
when copper(I) disulphite dissolves in non-aqueous media. The reaction pro-
ceeds with any concentration of SO2 , but is more rapid the higher the SO 2 
concentration. 
Both oxides of copper dissolve in a 1:1 mixture of DMF and water, which 
has been saturated with SO 2 , forming red solutions from which Chevreul's 
salt, CuS0 3 - Cu2SO3 2H20, crystallises (Parker et al., 1980). 
DMF—S02 does not dissolve copper suiphide. 
DMF—S0 2 also reacts with the oxides MgO, V 205 , Cr0 3 , Mn02 , CoO, 
ZnO, Sn02 , Pb02 , La203 , and A920 showing the same selective behaviour as 
DMSO—S0 2 towards oxides. The products, however, could not be purified, 
but they do contain sulphur(IV); suiphite was detected amongst the reaction 
products. The oxides generally dissolve neither in DMF nor in SO 2 alone; the 
mixed solvent is necessary for dissolution. Reactivity may again relate to the 
presence of adducts between DMF—S0 2 , and to the nature of the subsequent 
sulphur oxyanions which form. Cr0 3 is the only oxide soluble in DMF alone. 
No evidence exists for intermediate involvement of S0 radical ion, in con-
trast with the reaction between metals and DMF—S0 2 . 
The mixed system acetonitrile—sulphur dioxide is highly selective for cop-
per, as it only reacts with the oxides of copper, and not with any of the 
oxides which have been treated with DMF—S0 2 or DMSO—S02 . 
The reactivity of the S0 2 -containing organic solvents, such as DMSO—S0 2 , 
DMF—S02 and acetonitrile—S0 2 , with respect to oxides and sulphides, is to 
be contrasted with that of the organic solvents in the absence of SO 2 . Ace-
tonitrile, DMF and DMSO are known to assist dissolution of, for example, 
CuS and A92 S (forming Cu(I) and Ag(I)), but not of CuO or A9 20. The 
reverse situation is observed for the S0 2 -containing solvents. 
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A Novel Reduction of Oxides of Copper in the Mixed Non-aqueous System Dimethyl 
Formamide-Suiphur Dioxide 
Brian Jeifreys, J. Bernard Gill. and David C. Goodall 
Department of Inorganic and Structural Chemistry. University of Leeds, Leeds LS2 9JT, U.K. 
Copper(i) oxide and copper(s) oxide react with the system dimethyl formamide-sulphur dioxide to yield copper 
metal; conversion of oxide into a copper(i) sulphur oxyanion compound is thought to occur, followed by 
disproportionation to copper(0). 
The metal oxides Cu,O and CuO react at room temperature 
with the mixed non-aqueous system dimethyl formamide 
(dmf)-sulphur dioxide to form copper metal. Initially, the 
oxides dissolve to form an orange solution. but copper 
precipitates after the solution has been allowed to stand for 
three days. in this way. extremely pure metal is obtained. This 
is the first reported reduction of Cu 2O and CuO to metal with 
SO2. and is of special importance in that it is a low-
temperature process. The orange intermediate is probably a 
sulphur oxyanion compound of copper(i) and the reaction 
may involve conversion of oxide directly Into sulphite, 
followed by solvation by sulphur dioxide and disproportiona-
lion of copper(i) to copper(0) and copper(ti). the latter being 
further transformable into copper(i) sulphite (Scheme 1). 
dmf 	SO' 
Cu,0 + S0 -. Cu:SO -- Cu.S 205 -. Cu s- CuSO 
(CuO) 	 SO- 	 I 
Scheme I 
Copper(i) is known to be stabilised by some non-aqueous 
solvents.' although copper(i) is unstable in water. In dmf-
S02 . copper(0) is produced. most likely by disproportionation 
of copper(I). The orange intermediate is air-sensitive, quickly 
becoming green. suggesting oxidation of copper(i) to cop-
per(ii): these green solutions again become orange if air is 
excluded, presumably as a result of reduction of copper(il) by 
SO2. in the absence of an oxidiser. such as dimethyl 
suiphoxidc (dms& in !he m!ed sstem dmso-SO the 
orange intermediate is likely to contain an anion of sul. 
phur(iv). such as disulphite. Similar orange colours have been 
observed for solutions of copper(i) disulphite 3 in non-aqueous 
media. 
The reaction proceeds at any concentration of SO : . but is 
most rapid at high SO2 concentration. 
Cu,O and CuO also dissolve in I : I dmf-H:O. which has 
been saturated with SO2. to form red solutions from which 
Chevreul's salt. CuSOCu:SO 2H 20 . crvstall,ses. 
No reaction wa observed between CuS and dmf-SO.. The 
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solvent dmf-S02 also reacts with the oxides MgO. V 20. 
Cr03. Mn02, CoO, ZnO. Sn02, Pb02. La,03. and A9 20. 
and generally shows the same selective behaviour towards 
oxides as dmso-S02. 5  but the products are of an indetermi-
nate nature, containing sulphur(iv); suiphite has been detec-
ted amongst the reaction products. 
The oxides generally dissolve neither in dimethyl form-
amide nor in sulphur dioxide separately, the mixed solvent 
being necessary for dissolution- Cr03 is the only oxide soluble 
in dimethyl formamide alone. No evidence was obtained for 
the intermediate involvement of S02. in contrast with the 
reaction between metals and dm1-S02. 1' 
The mixed solvent system acetonitrile-suiphur dioxide only 
reacts with the oxides of copper(I) and copper(iI). and not with 
any of the other oxides which have been treated with dm1-SO2 
or dmso-S02. 5 
Operations were carried out under dry oxygen-free 
nitrogen. Dimethyllormamide was dried over 4A molecular  
872 
sieve, deoxygenated. and redistilled under reduced pressure. 
Sulphur dioxide was dried by passage over phosphorus(v) 
oxide and through concentrated sulphuric acid. 
Received. 17th April 1984; Coin. 533 
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Reactions in Mixed Non-aqueous Systems containing Sulphur Dioxide. Part 6.t 
The Reaction of Metal Oxides with Dimethyl Suiphoxide-Suiphur Dioxide 
Brian Jeffreys, J. Bernard Gill. and David C. GoodaIl 
Department of Inorganic and Structural Chemistry, The University. Leeds LS2 9JT 
The metal oxides MgO, V 20, Cr0,, MnO,. CoO, CuO, Cu,0. and ZnO react with dimethyl 
suiphoxide—suiphur dioxide to form the metal disulphates M,(S20,).zdmso. The oxides SnO,. 
PbO , La 503, and Ag20 give products of indeterminate composition, and TiO,, Cr30 Fe30,. 
Co,c34 , NiO. MoO 3 , and A1 20, do not react with the mixed-solvent system. The mecanism of 
conversion of oxide into disulph'ate is discussed. 
The mixed-solvent system dimethyl sulphoxide(dmso)-sulphur 
dioxide has been shown to react spontaneously with many 
metals.' 2 often displaying a high degree of selective attack, as 
exemplified by the ready reaction with manganese and iron. 
but total lack of reactivity towards chromium. The reactivity of 
this solvent system towards metals has been attributed to the 
formation of the su!ph.y!!e radic! inn, SO 2 '. and to 
intermediate sulphur oxy-anion species which contain highly 
reactive S-O-S linkages in which sulphuriv) can be oxidised to 
sulphur( vi) to yield ultimate products containing disulphate. 
In this paper we describe how several metal oxides react with 
dmso-S0 2 . which also shows a high degree of selectivity in its 
behaviour with oxides. 
Results and Discussion 
A recent communication reported the reaction of metal oxides 
with the mixed non-aqueous system dimethyl sulphoxide 
(dmso).-sulphur dioxide. The oxides MgO. V 20 3 . Cr0 3 , MnO,, 
CoO. CuO. Cu 20. and ZnO react readily to form the crystalline 
metal disulphates. M,fS 20 1),.:dmso. The products were 
characterised by elemental analysis for metal, sulphur, carbon. 
and hydrogen. thermogravimetric analysts, and i.r. spectroscopy. 
The oxides Sn0 2 . Pb0 2. 1a 20 3 . and A9 20 yielded impure 
products. and Ti0 2 . Cr 20 3, Fe 20 3. Co,04, NiO. M003, and 
A1 20 3  were completely inactive towards the solvent system. All 
the oxides were used as finely divided powders, and they 
generally dissolve neither in dimethyl sulphoxide nor in sulphur 
dioxide separately: the mixed solvent' is usually required for 
dissolution of oxide to occur and for the oxidation of 
sulphur(tv) to sulphurlvtl. 
The solvated disuiphates of the metals Mg. V. Mn. Co. Cu. 
and Zn were prepared previously and fully characterised. 12 
Chrornium(11) oxide. Cr0 3 . is the only oxide soluble in dimethyl 
sulphoside alone. It reacts with dmso-S0 2 to form 
Cr 2(S,O .1 3.24dmso. a hgroscopic crystalline solid. Infrared 
data are recorded in the Table. A thermogram was 
unobtainable, since the compound underwent rather violent 
decrepitation on heating Chromium(vt) in the form of 
chromate or dichromate can also be reduced by the mixed-
solvent system to yield the same product. This is the first known 
preparation of a disuiphate of chromium, although we have 
since shown that chromium metal can be convened 
electrolytically in dmso- SO 2 into the disulphate. which arises in 
a crystalline form containing a greater number of solvent 
molecules' than is obsersed in the case of its formation from 
Cr0 3  in dmso-S02. Chromium is the only metal of the First 
Transition Series which does not react spontaneously with the 
Pan S. N. K. Graham. J. B. Gill and D C. Goodall. Aid!. J. Client.. 
1983.36.1991. 
















mixed-solvent system 2 and thus such a reaction may not be used 
for the preparation of the disulphate. 
Both copper(I) oxide and copper(tt) oxide give rise to the 
formation of copper(tt) disulphate in the mixed-solvent system. 
It is interesting to observe that both oxidation of copper and of 
sulphur are taking place in the mixed solvent. In aqueous media 
containing SO 2. reduction of copper(tt) to copper(t) would 
normally occur, as would reduction of chromium(vt) to 
chromium(iti). It is therefore important to note the very 
different redox characteristics which SO 2 exhibits in the system 
dmso-S0 3, namely oxidising with respect to copper but 
reducing with respect to chromium. This behaviour may be in 
part a consequence of the adduct formation which takes place 
between dmso and SO 2. but it may also depend on the 
mechanism of conversion of oxide into disulphate. It is not 
known, for example. whether the intermediate sulphur oxy. 
anion species, which are thought to contain S-O-S linkages. 
stabilise one oxidation state of a metal or another. It is known 
that dmso acts as an oxidiser in dmso-SO,.' but in the case of 
the reaction of Cr0 3 with dmso-S0 2 it is not known whether 
chromium(vi) plays any part in the oxidation of sulphur(tv) to 
sulphur(vu). It does appear that no conversion of SO 2 into 
sulphate occurs, and that the SO 2 is involved entirely in the 
formation of disulphate. This precludes the redos reaction 
between chromium(vI) and SO 2 which takes place in aqueous 
solution. 
Unlike the process in which metals react with dmsc'-S0 2 . no 
evidence was acquired to indicate that the reaction of the system 
with oxides involves the intermediate formatkn of S0 2 '. or of 
ion pairs of the type M' 'ySO2' - .j The metal ion is strongly 
bound to oxygen in the oxides, and it is unlikely that the much 
weaker donor SO 3 ' - would displace the oxide oxygen. The 
initial reaction step probably involves direct conversion of 
oxide into sulphite. followed by solvation by SO 2 to disulphite, 
and oxidation of the latter by dmso to metal disulphate 
[equation (I)). 
MO + SO 2 	MSO3 
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We have already shown that the sulphites of manganese, iron. 
cobalt, nickel, and copper react with dms0-S0 2 to form the 
disuiphates. and the mechanism has been discussed. An 
essential requirement for this conversion is that the 
intermediate sulphite should be highly covalent, in order to act 
as a precursor for the formation of S-O-S bonds in which the 
sulphurOv) atoms can subsequently be oxidised by dmso. The 
presence of highly covalent oxide is therefore very favourable 
for the formation of covalent sulphite. It is not yet clear which 
factors are important in determining the reactivity of an oxide. 
There may be some dependence on the defect structure. The 
redox parameters of the metal may or may not be decisive. The 
remarkably strong differentiation observed in the behaviour of 
CoO and NiO towards dmso-S0 1  suggests the redox factor is 
not verb important, but in the case of Cr0 3 and Cr 20 3. and of 
CoO and Co 3O. it seems that the redox factor could be of some 
significance. 
Experimental 
All operations were carried Out under dry oxygen-free nitrogen. 
Dimethyl sulphoxide was dried by stirring it over activated 
alumina for 24 h. followed by storage over 4A molecular sieve 
and repeated fractional crystallisation. Sulphur dioxide was 
dried by passage over phosphorusv) ctde and through 
concentrated sulphuric acid. 
Preparations.—The salts 	(Mg(dmso) 5][S 20,]. 	[V2 - 
(dmso) 13][S 307) 3 . [Mn(dmso)6 ][S 2 0]. {Co(dmso)6)[S 20,]. 
[Culdmsol6J[S,0,1. and [Zn(dmso) 6 ](S 20,] were prepared 
by adding finely divided metal oxide to dimethyl sulphoxide 
saturated with sulphur dioxide. In each case, the mixture was 
kept in a closed container for 1-2 d. The solution was filtered. 
and the product obtained either by spontaneous crystallisation 
or by the addition of diethyl ether to the filtrate. The product 
was filtered off, washed with diethyl ether, and pumped for 12 h. 
Analyses. i.r. spectra, and thermograms corresponded to those 
found for the same compounds prepared by spontaneous 
dissolution of metal in the binary solvent. 
(Cr 1(dmso)3 43[S30,1,. Chromiumivi) oxide was added to 
dimethyl suiphoxide-diethyl ether (I: I). and the mixture was 
saturated with sulphur dioxide. A green crystalline solid pre-
cipitated, which was recrystallised from dimethyl sulphoxide-
diethyl ether (I: I). The product was filtered off, washed with 
diethyl ether, and pumped for 12 h (Found: C. 22.05: H. 6.1: Cr. 
4.1; S. 37.4. CaIc. for C H i ..Cr.O a .S 3 ,: C. 119: H. 5.8: Cr. 
4.15; S. 38.3). 
Physical Measurements. - Infrared spectra ss crc recorded for 
Nujol mulls on a Pye Unicam SP200() spcctrophitomeler. 
Thermograms were obtained using a Stanton thermob.ilance. 
Carbon, hydrogen, sulphur. and meta!s were eermined by 1r. 
A. Hedley of this department. 
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Reactions in Mixed Non-Aqueous Solutions containing Sulphur 
Dioxide. 	Part 7. 111 	A Raman Spectroscopic Study of 
Adduct Formation between Sulphur Dioxide and Dimethylsuiphoxide. 
By J..Bernard Gill, David C. Goodall, Brian Je-ffreys 
and (in part)Peter Gans. 
Department of Inorganic and Structural Chemistry, 
The University, Leeds LS2 9JT. 
ABSTRACT 
Details are given of the v(SO) € .. stretching, 
y(SO=), and y(SO) regions of the 
Raman spectra of SO-dmso mixtures at 293K and 
sub-ambient temperatures. Analysis of the y(SO)cjm., 
region, which contains at least seven component bands, 
provides evidence of several component species. Bands at 
1067cm 1 , 1057cm 1 , and 1044cm 1 , are due to 
monomers and associates of dmso, and a band whose 
frequency varies between 1029-1025cm' is due to a 
methyl-racking mode of dmso. Bands at 1013cm 1 , 
1006cm-1 and 997cm-1  are attributed to the adducts, 
SO.2dmso, SO.dmso and 2SO.dmso respectively. An 
example of the use of band-fitting band-fitting to a 
difference spectrum supports these attributions. 
INTRODUCTION 
Many metals and their oxides dissolve spontaneously in 
binary mixed solvents containing sulphur dioxide with 
cosolvents such as dimethylsulphoxide(dmso), I m-45, 
Cosolvents supporting metal dissolution have both high donor 
number and moderate or high dielectric constant. 1451 Metal 
dissolution can occur if the cosolvent has either a low donor 
number or a low dielectric constant if the metal is used as a 
sacrificial anode. 	 By use of solvent mixtures 
containing SO, reactions of the solvent, or its components, 
with metals such as Fe, Mn, Mo, Zn, etc. lead to salts of 
suiphuroxyanions. When a SO/dmso mixture is used 
disuiphates (S20,.) are produced, but with other 
SOfcosolvent mixtures the anion formed is normally 
dithionite (SO). Accordingly we conclude that dmso 
oxidises S(IV) to S(VI) in a reaction sequence following metal 
dissolution. Liberation of dimethylsuiphide provides good 
supporting evidence.. 
It is therefore important to improve our understanding 
of the constitution of SO/dmso mixtures. The large 
exothermic enthalpy of mixing SO and dmso 	suggests 
the -formation of compounds or adducts, and a preliminary 
melting point study' indicated a species of 1:1 
stoichiometry. Donor-acceptor interaction between dmso and 
SO is to be expected; dmso forms adducts with many 
molecules, e.g. , water, methanol and ethanoic acid through 
H-bonding, ' 	and low donicity aprotic solvents such as 
I-; 	(CL,ICN, CHC[ and CHCN." 
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Some time ago we observed that the maximum of the 
y(S-O) region of the Raman spectrum of dmso shifts from 
ca.1050cm 	to 1010cm 	when SOm is àdded. 	This is 
greater than is observed for many other dmso adducts. We also 
noted that the spectra depend on the composition. 
With recent improvements to, (1) the spectrometer, and 
(ii) data handling and processing methods, the data can now 
be treated analytically. 	Our old Coderg RS100 Raman 
spectrometer has been upgraded to provide multiple scanning 
and digital data collection, and with coaddition of spectra we 
can achieve much improvement in signal/noise levels. We have 
developed a computer-assisted curve resolution procedure 
VIPER't, but, of major imortance to this work, we now 
have the powerful curve resolution-enhancement procedure TREAT 
which is based on smoothing and derivative convolution. (LI) 
Fortunately the 1000-1100 cmt region of the Raman 
spectra of the mixtures has a flat baseline free from 
interfering features. A careful assignment of the infrared 
and Raman spectra of dmso by Harrocks and Cottonitml showed 
that only the y(SO)€m.... stretching vibration occurs in this 
region. We have undertaken a careful and detailed analysis of 
the region over all compositions and have attributed the 
component bands to discrete species in equilibria. 
To complement the spectroscopic analyses we also 
present a more detailed phase study of S0/dmso mixtures in 
Part 8 of this series. 
EXPER IMENTAL 
Sample preparation. 	SO2/dmso samples were prepared in 
glass tubes by condensing SOm on to dmso as in the 
preparation of liquid ammonia solutions for Raman 
spectroscopy. 	 Pure dry redistilled dmso was 
introduced by syringe, the tubes were evacuated and the 
samples deoxygenated by recycling through the melting point of 
dmso. SO= was condensed and.the tubes sealed from 
atmosphere. Compostions, established by weighing tubes and 
contents at appropriate stages, are quoted as a molar ratio, 
F=tmoles SO]/Cmoles dmso]. 	When not in use all samples 
were stored in the dark at 220K. 
Spectrometer technique. 	Spectra, recorded on the recently 
upgraded double monochromator Coderg PHO Raman spectrometer, 
were irradiated with the 488..Onm line of a Coherent Radiation 
Model 52 Argon Ion laser at >1 watt continuous. Digitised 
data was collected by a Datalab DL4000 signal averager. The 
main spectrometer drive, modified to facilitate multiple 
scanning through any preselected wavenumber range, allows any 
number of multiple scans to be chosen and data to be recorded 
at 0.125, 0.25, 0.5 or 1.0cm 	intervals. All available 
data was collected at 0.125cm' intervals. Spectra were 
calibrated to i0.2cm 	against neon emissions. Spectrometer 
conditions were optimised (i) by alignment of irradiating beam 
and sample, (ii) use of longest acceptable amplifier time 
constant to maximise RC smoothing, and slow scan speeds to 
minimise RC distortion, (iii) photomutiplier cooling to 240K, 
and (iv) slitwidths <0.125w . Mirrors at 180 and 270 to 
the incident beam and sample improved the signal with a second 
light pass, nd collection of unused Raman emission 270 to 
the incident beam. Spectra were obtained for lower 
temperatures with an Oxford Instruments cryostat DN704 
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controlled to ±0.2C. 
Data Handling. 	The coadded signal-averaged data were 
transferred from the DL4000 to a Hewlett Packard 9845A 
minicomputer for processing. Programs for the 9845A were 
written to accommodate a maximum 512 data points across a 
spectrum; in the case of 	SO)m 	only, 969 data points 
were reduced to 485. 	The first 4cm 1 of spectra were 
discarded to avoid baseline distortion resulting from the 
fast back-forward spectrometer drive between successive 
scans. 
Underlying bands positions were established by the 
smoothing and derivative convolution process TREAT. (it) 	We 
have shown that maximum noise reduction with minimum signal 
distortion is achieved with a quadratic function and two 
passes of a 1st derivative filter, rather than a single pass 
of a 2nd derivative filter. The only variable to be 
determined in this program is the number of data points N 
encompassed in successive segments of polynomial fit. N is 
chosen for the best compromise between preventing the 
smoothing function from following the spectral noise (when N 
is small) and avoiding spectrum distortion (when N is large). 
Successive trial integral values of N between preset lower and 
upper limits find the inflexion where d(o2r)/dN=ø; (a2r) 
is the variance of residuals between observed and smoothed 
data. For the 2nd derivative spectra of y(8O) m 	quadratic 
functions with N = 11, 13, or 15 were used. The program 
produces a bar chart 	of residuals which indicates any 
distortion of the signal caused by smoothing, checks on the 
random distribution of +ve and -ye residuals, and assesses the 
signal/noise ratio. 
RESULTS 
The spectrum was carefully surveyed between 250cm' 
and 250cm. The only vibrations with significant 
perturbations due SO-dmso interactions were the S-O 
stretching mode of dmso, 	 and the y- , ys, and 
y modes of SO. Other vibrations likely to contain 
structural information are 6(CSC) at ca.305cm -1 , d..CSO 
at ca. 329cm- , and 6. (CSO) at ca. 378cm' . 	These are 
all weak features and changes in composition cause only small 
Frequency shifts with no discernible changes in the spectra. 
No bands were found due to simultaneous transitions, 
CY (SO)+V(SO)cim,iici) and E(SO)Y(8O)cj rn ], 
between 2150cm' and 233cm 1 . Only the y(SO)mw mode 
shows significant changes with temperature or polarisation of 
the incident beam. 
ys(SO)antisymmetic stretching region. 	In the past it 
was the y- (SO) antisymmetric stretching region which 
received attention because it was considered to be sensitive 
to intermolecular interactions in SOm solutions. '1 d"  
When SO is added to dmso the band between 1270cm' and 
1370cmt shifts only a small amount (3-5cm -1 ) with little 
change in the shape of the band maximum at 1336cm 1 . It can 
be seen from Figure 1 that analyses of the spectra are 
impaired by the overlap of a more intense band at 1315cm_L 
attributable to dmso vibrations; probably the two components 
of the symmetrical distortion vibration d(CH)A and 
(. tF' 	Uncertainty of baseline position and 
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shape also arises in this region. 
yi(SO) symmetric stretchincj region. 	This is by far the 
most intense region. Using the best possible spectrometer 
recording conditions it was examined between 1130cm' and 
1160cm-1 . The baseline is flat and the band separated from 
other features. Figure 2 shows a stacked set of spectra 
scaled numerically so that their peak maxima have equal 
ordinate values. 
Two sharp bands in the spectrum of liquid SOm at 
1144.5cm'(wv2.1cm 1 ) and 1139.5cm -1 , are attributable 
to the y, vibrational modes of SO and A 
low intensity band outside the range surveyed, at 
ca.1120cm', is due to the y-,(S02) vibration of 
StO10. On reduction of F(molar ratio [SO]/(dmso3) 
the band due to "SOm merges into a set of features of 
increasing intensity in the "tail" of the y-i(SO) band on 
its low frequency side. 	Confirmation of the attribution of 
the bands at 1144.5cm' and 1139.7cm' came from 2-band 
VIPER fits of the spectra of mixtures between F= 1.0 and 
F0.3i7. 	The two resolved bands remain in the same intensity 
ratio when the composition of the mixture is changed. 
As the mole fraction decreases to F0.517 the band 
experiences a small shift to higher frequency (1146.7cm') 
and considerable broadening (w05.1cm 1 ) suggesting changes 
in the distribution of the components of the mixtures. 
Further decrease of F to 0.093 causes a reversal of direction 
of the shift, albeit small, to 1145.0cm' with broadening to 
w'v6.2cm'. These small shifts, encompassed within only 14 
data points on the sharpest spectrum, and the nearly 
symmetrical band shapes present an impossible task for 
computer resolution. The 2nd derivatives of the spectra have 
a small asymmetry which can only be accounted for by the 
presence of underlying features, too closely-spaced for 
resolution, and whose variations in intensity must be related 
the changes in the distribution of components of the mixtures. 
Although this is the most intense region of the spectrum, and 
excellent signal/noise levels were obtained, further analyses 
of the derivative spectra were impossible because the data 
were at the absolute limit of spectrometer resolution. 
It is noted that the spectra are similar to those of 
solutions of halosulphinates in SO2,'' where the halide 
anion is a powerful donor to the SOm acceptor, c.f., the 
strong electron donation from dmso to SO2. 
r(SO2 ) symmetric deformation region. 	The spectrum of 
liquid SO2 , consisting of a broad asymmetric feature at 
ca.528cm' (wv20cmt) on which is superimposed a sharp 
band at 521cm(wv3_5cm_ 1 ), has been previously 
reported'' but not interpreted. Increase in the 
concentration of dmso causes the feature at 521cm' to 
disappear and the centre of the main band to shift from 
528cm' to 532cm 	together with a marked reduction in 
bandwidth. 	Further increase in concentration of dmso causes 
little discernible shift in the position of the band. 
The second derivatives indicate that the spectra the 
spectra are structured with a number of underlying components. 
However, changes occur mainly in the S02-rich mixtures and 
the sharp band at 521cm 	precludes analysis of this region. 
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y(SO)im 	stretching reQion. 	This region is well separated 
from other features of the SO/dmso spectrum. The nearest 
band at 953cm-1 was previously attributed''-' to a 
methyl-rocking vibration of dmso. 	The baseline at both ends 
of the region is flat, and it is reasonable to assume that a 
flat baseline exists throughout. 
Considerable changes occur in the spectra with changing 
SO/dmso composition, and it is clear from Figure 4 that 
different component bands dominate at different compositions. 
Although the data presented in this paper are much better they 
are, none the less, consistent with our earlier 
observation'' that the main feature due to solvent dmso, 
at ca. 1044cm', gives way to another maximum which shifts 
between 1009cm -1 and 1024cm' as the SO= concentration 
increases. These changes in the spectra as SO= is added to 
dmso are entirely different from the vibrational spectra 
observed when dmso is diluted by an "inert" solvent such as 
carbon tetrach1oride(.m. On addition of CCl 
dmso-cosolvent interaction was not detected and association 
between dmso molecules was being monitored. 
The spectrum of solvent dmso contains at least four 
underlying bands. 	Two, at 1067cm 1 (A) and 1057cm'(B), 
appear on the high frequency side of the maximum 
1044cm'(C). The fourth band 0, previously undetected in 
the Raman but reported as a weak feature in the 
infrared 7 ' , produces an inflexion at ca. 1029cm' (0). 
Increase in F, causes the intensities of bands A, B, and C to 
diminish and to be replaced by a broad feature 30-40cm- ' 
lower in frequency. 	This new band is already a significant 
contributor to the spectrum at F=0.093, but at F>0.227 it has 
become the major contributor to the spectrum. Bands A. B and 
C are still detectable at F=0.517, but have effectively 
disappeared at F=0.584. The broad feature, centred at 
ca.1024cm' at F=0.227, contains at least 3 components. 	As 
F is increased it shifts to lower -frequency, ca.1009cm-1 
between F=0.5 and 0.6, but reverts to higher frequency as the 
mixture becomes richer in SO; 1012cm -1 at F=0.916. 	This 
behaviour matches that observed in the Wt (SO) symmetric 
stretching region. 
The spectra of SO-rich mixtures consist of a number 
of very closely spaced bands, three of which can be positively 
identified at 101Scm' (X) , 1006cm' (Y) and 997cm' (Z). 
Because these are separated by less than half of the width of 
the bands at half height computer resolution using VIPER is 
impracticable. Such close spacing of bands always results in 
fits with highly correlated band parameters. 	' It is the 
2nd derivatives of the ViSO)mw stretching region, shown in 
Figure 5, from which the positions of the underlying 
components can be identified. 
Band 0 at 1029cm' was not observed in the Raman 
until recently' although it had been noted as a weak 
•feature in infrared spectra of the solvent 171 . It appears 
as a discreet feature on the profile of the 2nd derivative 
with an intensity well above background noise, and is present 
in the spectra of all the mixtures at approximately the same 
relative intensity. Ihere is also a small shift in its 
frequency, 1029cm 	to 1025cmt, as the SO 
concentration is increased to F0.5; above F = 0.52 the band 
remains fixed at 1025cmt. 
ro establish the positions of bands X, Y, and Z, it 
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was necessary to apply the 2nd derivative treatmant to spectra 
of the mixtures at both ambient and sub-ambient temperatures. 
Two of these bands, X and Y, can be identified by following 
the intensity changes of the 2nd derivatives of the spectra of 
mixtures between F0.2 and 0.6 at 293K(see Figure 5). Band Z 
is only positively identified in the 2nd derivative spectra of 
Low temperature SO-rich mixtures (Figures 6 and 7). 
Temperature reduction causes the bands to sharpen and the 
relative intensity of Z to increase. At corresponding 
temperatures the spectra of mixtures of F0.31, 0.517, 0.681 
and 0.79 show a consistent trend in the variation of the 
relative intensities of X, Y, and Z. In the particular case 
of the sample at F=0.79 the temperature could be reduced to 
170K without its solidification. The spectrum in Figure 6 
indicates that the species attributable to Z dominates this 
mixture at low temperature. 	It should also be noted that, at 
F=0.79 and 170K, the band at 1025cm'(D) is seen as a 
separate feature because of the sharpening of band Z and the 
absence (or reduction) of the species attributable to bands X 
and V. 
Because they were likely contaminants spectra were 
obtained + or dmso containing added water and dimethyl 
sulphide(dms). 	Liquid dms has a low intensity band at 
1029cm 1 , ca.0.1% as intense as the V(SO). m ., feature. The 
assignment-'­ of this to a methyl-rocking vibration is 
consistent with the similar assignment to band D at the same 
frequency in the dmso spectra. Addition of both dms and water 
up to a 5% level produced no changes in the spectra of dmso. 
Thus it is reasonable to assume interferences due to these 
impurities can be ignored. 
DISCUSSION 
Many reports on the association of dmso have appeared 
in the literature. Early work 4 ' identified frequencies 
in the infrared andRaman spectra of the liquid with skeletal 
vibrations. Definitive assignments were made by Horrocks and 
Cotton'' who identified most of the 24 vibrations of dmso 
and presented a normal coordinate analysis. Spectra of dmso 
mixed with other solvents indicated that the bands assigned to 
the solvent were susceptible to the concentration of the added 
cowl vents. 
Figueroa et al. 	suggested autoassociation of 
dmso involving a closed dimer and other more highly associated 
forms. 	Later Forel and Tranquille" 11 substantially agreed 
with Horrocks and Cotton, and concluded that dimers and higher 
aggregates exist but found no conclusive evidence for 
autoassaciatjon at concentrations <0.5mol dm. 	Their 
infrared spectrum contained an intense peak at 1058cm -1 with 
shoulders at 1042cm' and 1022cm 1 , and the band at 
1044cm 	in the Raman was declared to be a polarised feature 
with a depolarised shoulder at 1058cm 1 . Addition of CC1 
caused the band at 1042cm 	to disappear as another band 
appeared at 1070cm. Claiming this to indicate the absence 
of autoassociation they assigned the band at 1070cm - I to 
monomeric dmso. A small band in the infrared at 1022cm - ' 
was left as an isolated feature after addition of CC1. 
Forel and Tranquille attributed this to a methyl-rocking 
vibration r(CH:) , unlike Figueroa et al. who had previously 
assigned it to a closed dimer. Some support for the closed 
ditner =Assigntnent has been claimed by Sastry and Singh' in 
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their Raman study of dmso-CCl mixtures. They assigned the 
three bands at ca.1070cm 1 , 1058cm' and 1040cm' to the 
monomer, and the antisymmetric and symmetric stretching modes 
of a closed ring dimer respectively. They then claimed that 
the band at ca. 1025cm- ' was due to linearly associated 
polymers. We find this assignment dubious. Because of the way 
the intensities of the two bands at 1058cm - ' and 1040cm' 
vary independently when dmso is diluted, these bands should 
not be ascribed to two different vibrations of the same 
dimeric species. Also it has been reported that the band at 
ca. 1025cm' appears in the infrared spectrum of gaseous 
dmso. If so, it seems inappropriate to ascribe it to a 
polymeric form of dmso. 
Our results are in accord with an assignment of the 
band at 1025cm'(D) to the methyl rocking vibration. It 
appears in all the spectra in Figures 4-7, and is particularly 
well resolved in the low temperature spectra of SO-rich 
samples. The frequency shift from 1029cm' to 1025cm- ' 
which occurs with increase of SOza concentration is 
informative. Such a shift of the methyl-rocking vibration 
will be apparent only if a number of adducts, each with 
slightly different methyl-rocking frequencies, exist in an 
equilibrium. 
The relative intensities of bands A and B both increase 
with respect to band C on dilution of dmso with SO 2 . This 
supports the assignment of band A to the dmso monomer, band B 
perhaps to a linear associated species, and the polarised band 
C to the symmetrical movement of a closed ring dimer. If band 
B is a composite derived from all chain interactions its 
intensity would be expected to vary slightly with both 
temperature and composition as we observe. 
The changes in the spectra with composition and 
temperature leave no doubt that a minimum of 3 bands, X, Y, 
and Z, must be included below 1025cm-1 . Band X is the 
dominant feature between F0.1 and 0.4 with the other bands as 
a shoulder. Between F=0.4 and 0.7 band V becomes important, 
but it is not the only feature present. At ambient 
temperatures band Z is present only at low intesity, but it 
becomes the dominant feature of the spectra of mixtures 
between F=0..6 and 0.8 just above their freezing points.. Bsed 
on the stoichiometric compositions at which the bands X, Y, 
and Z, manifest themselves we attribute them to SO-dmso 
adducts of 1:2, 1:1 and 2:1 stoichiometry respectively. The 
phase diagram for the SO-dmso system presented in the 
following paper'' 	clearly indicates the two adducts, 
(SO).dmso and SO-.dmso; these account respectively for 
bands Z and V. No species of the appropriate composition was 
found in the phase diagram to correspond with band X which we 
attribute to the adduct SO.2dmso. However, band X 
dominates the Raman spectra of mixtures <F=0..5 and, we must 
associate it with the 1:2 species. The only satisfactory 
explanation is that SO.2dmso is stable in the liquid phase 
and unstable as a solid and therefore cannot be identified in 
the phase study. 
To test the validity of our computer analyses we 
always aim to compare calculated 2nd derivative spectra 
derived from the resolved components obtained from VIPER curve 
fitting with the 2nd derivatives of observed spectra. 
The complexity of the spectra of the SO-dmso mixtures and 
the closeness of underlying components render curve resolution 
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and an estimation of equilibrium constants between adducts 
impossible. However, we have provided alternative support to 
the identification of bands X, Y, and Z, by the numerical 
analysis of spectra of mixtures of F=0.79 at low temperatures. 
These spectra simplify to a two band system consisting of the 
methyl-rocking feature D and a composite of the two bands Y 
and Z. 	Band-fits using VIPER still give highly correlated 
band parameters for Y and Z, and the result is not necessarily 
unique, but the fitting process justifies the inclusion of 
two bands in their correct positions under the main feature. 
Recently we have developed another approach to support 
the results of numerical band-fitting. Here the numerical 
subtraction of two different spectra within a set is 
performed. The example in Figure 7 shows the difference 
between the spectra of the sample of F=0.79 at 170K and 210K. 
This new difference profile emphasises the intensity changes 
of the underlying bands, caused by changes in species 
distribution on reduction of temperture. A VIPER band-fit of 
this difference spectrum gives a result well within the noise 
level of the original spectrum. From the relative intensity 
changes of the X, V, and Z components, the need to include 
them in the spectra is confirmed. Two closely-spaced small 
bands, P and 0 9 opposite in sign, were used to account for the 
shift in frquency of the methyl rocking vibration (band D) 
which results from the change in the distribution of the 
component species when the temperature is lowered. 
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Reactions in Mixed Non-Aqueous Solutions containing Sulphur 
Dioxide. 	Part 8.'' Phase Studies of Sulphur Dioxide- 
Dimethylsuiphoxide and Sulphur Dioxide-Dimethylformamide 
Mixtures. 
By J.Bernard Gill, David C. Goodall and Brian Jeffreys, 
Department of Inorganic and Structural Chemistry, 
The University, Leeds LS2 9JT. 
ABSTRACT 
Phase diagrams are given for the complete range of 
compositons u-f sulphur dioxide -dimethylsulphoxde and 
sulphur dioxide- dimethylformamide. 	SO-dmso mixtures 
contain compounds of compositions 2SO.dmso and 
SO2.dmso, identifiable as solids with melting points 
-74C and -39C, but no compound of composition 
SO.2dmso was found which was stable as a solid. 
SO-dmf mixtures contain three stable solid species; 
2S02.dmf, SO z.dmf and SO.2dmf, with melting points, 
-65C, -6'C, and -40C. 
INTRODUCTION 
The results reported in this paper were obtained to 
support the Raman spectroscopic studies on the sulphur 
dioxide- dimethylsulphoxide(dmsc,) mixtures described in the 
preceding paper. 
A preliminary and semi-quantitative melting point 
study' 	indicated the formation of an adduct of 1:1 
stoichiametry with a melting point near -4C. ' 
Qualitative evidence of adduct or compound formation is 
provided by the large release of enthalpy observed when S0 
gas is bubbled into dmso; the temperature of a 10cm 	sample 
rapidly rises to about 100C. 
Because the experiments were limited to semi -quantitative 
melting point measurements our earlier work proved the 
existence of only one adduct. 	At the time we were severely 
limited by our apparatus and able to make measurements only at 
temperatures higher than -65C. Thus melting point 
determinations were restricted to the dmso-rich mixtures and 
examination of mixtures rich in SO was precluded. 
The Raman spectra of SO-dmso mixtures are very 
complex. 	Changes in the spectra with both the composition 
and the temperature of the medium indicate the existence of 
equilibria between a number of constituent species, and it is 
apparent that the mixtures are much more complex than had 
originally been supposed. 	Accordingly apparatus has been 
constructed and experimental techniques have been established 
to obtain a low temperature phase diagram of the mixtures. 
We also report the results of a phase study of 
SO-dimethyt formamide(dmf) mixtures. 
ME 
EXPER I MENTAL 
Samples were prepared, as for Raman 
spectroscopy, ''' in sealed medium-walled pyrex 
tubes(12min outside diam., 185mm length) with a concave thin 
breakseal in the base of each tube. 	Care was needed after 
the tubes had been filled and sealed to avoid fracture of the 
breakseal whilst the frozen mixtures were being thawed. 	The 
compositions(quoted throughout as 7. mole fraction SO) of 
the samples were determined by weight before the filled sample 
tubes 6 were inserted into the apparatus(shown in Figure 1). 
This device was constructed to fit snugly into an Oxford 
Instruments top-loading 0N704 Cryostat with its thin-walled 
measuring finger D horizontally in line with the four radial 
windows of the cryostat. Into the tip 0 was blown a small 
recess to hold a chromel/alumel thermocouple to monitor the 
sample temperature. The thermocouple output,' compared with 
ice-point, was read into a Hewlett Packard 3490A Multimeter 
and a chart recorder. 
After loading the sample tube the measuring device was 
closed with the stopper F, evacuated, and flushed through tap 
E with dry N2 while inverted. 	The sample tube was opened 
by rotating the complete assembly and cracking the breakseal 
on the sharp glass point C whilst the sample was still frozen. 
On warming the liquid ran into the thin-walled neck and the 
apparatus was positioned within the cryostat. 
Samples under test were cooled and heated at steady 
rates. 	Melting points and eutectic temperatures were 
obtained from the inflexions in the cooling and heating 
curves. 	Cooling was continued to 5-60C below the melting 
points. Samples which formed glasses were recycled through 
their glass transition temperatures several times to ensure 
that melting paints were not obscured by problems of 
supercooling. 	Heating rates of 5C min 	gave clear 
results with a chart speed of 50mm hr' and a full scale 
deflection of either 2.5 or SmV. Cooling rates were made 
identical to achieve comparability, and each sample was run 
through its thaw-melt cycle 3 or 4 times to ensure 
reproducible results. 
The apparatus was calibrated using a set of pure 
liquids with melting points covering the range of the 
SO z-dmso system. Observed melting points(literature values 
in parenthesis) were:' 	dmso, 18.5C(18.55C); CCl, 
-22.9'C(-22.9C); dmf,-6.8'C(-6.4C); CHC1, 
-63.7C(-63.4C); SO,75.7c3C(_75.47C); 
diethylether, - 117..3C(-116.3C). 	Above -75C 
temperatures were measured to ±0.2C, and below -75C, in 
the determination of eutectic temperatures, to ±0.5C. 
RESULTS 
The phase diagrams f or the SO-dmso and SO-dmf 
systems are shown in Figures 2 and 3. 	For reasons of clarity 
details of the individual measurements of eutectic melting 
temperatures have not been included but have been presented as 
horizontal lines to ±Ø.5C. 
SO-dmso mixtures. 	All samples showed some tendency to 
supercool especially those in the region 70-8/. mole fraction 
SO. 	 were repeatedly cycled through the glass 
transition temperature until they were observed as opaque 
beads growing in the sample finger. 
Two eutectic points, at -97C and -46.5C, occur 
at 827. and 39% mole fraction SOm respectively, and the 
experiments indicate a third eutectic melting temperature at 
about -76C between 50-67% mole fraction SO 2 . 	The 
maximum melting point of -39.2C at 50% mole fraction 502, 
indicating the formation of a 1:1 adduct, confirms our earlier 
observations. 	A maximum melting point at 67% mole 
fraction SO= corresponding to a 2:1 adduct is obscured on 
the melting point curve by peritectic behaviour; an 
incongruent melting point of about -74C at 68% mole 
fraction SOm very close to the probable metastable point at 
ca.-73C is suggested. 
The rather flat melting point maximum near 1:1 
stoichiometry, and the incongruent melting point in the 2:1 
region, lead us to believe that the compounds between the two 
solvents are relatively unstable. 	The peritectic behaviour 
near 2:1 stoichiometry shows that the adduct of this 
composition essentially decomposes as it melts(rather than 
before or after), and presumably when the solution is at its 
melting temperature the solid adduct is in equilibrium with 
both its decomposition products and the 2:1 species. 
Much time was spent in attempts to detect a 1:2 
adduct-. In the Y(S0)cims.c3 region of the Raman spectra of 
these solutions a component band, which we have assigned to 
SO 2 . ( dmso) 2 , appears at ca. 1013cm'. 	However, cooling 
and heating curves showed that the eutectic melting point at 
-46.5C persists to 15% mole fraction SO 2 . 	The 
experimental results at lower X mole fractions SO 2 were 
poorly defined, and no evidence for the 1:2 adduct could be 
obtained from the phase diagram. Thus it must be concluded 
that, although there is good evidence from the spectra for the 
existence of a 1:2 species, this adduct is unstable as a solid 
and does not contribute to the phase diagram. 
S02-dmf mixtures. 	 The temperature-composition profile 
differs from that of the SO-dmso system. 	Three adducts, 
of stoichiometries 2:1, 1:1 9 and 1:2 9 are identified with 
melting points of -65C 9 -60C, and -40C 9 respectively. 
Between 100-66% mole fraction SO= there is a 
eutectic melting temperature at -85.5C with a eutectic 
composition point close to 847.mole fraction SO. 	As with 
the SO-dmso system mixtures near 80% mole fraction SO 
show a marked tendency to supercool. 	From 66-50Xmole 
fraction 502 the eutectic melting temperature is at 
-68.5C with an invariant point at 62Xmole fraction SO. 
Between 33-0% mole fraction SO2  the eutectic temperature is 
-59C with a eutectic composition point close to 8% mole 
fraction SO 2 . 
Between 50-33% mole fraction 802 a eutectic melting 
temperature of -61C was established. 	In the region around 
50% mole fraction S02(and slightly below) it was difficult 
to assess whether there is an invariant eutectic melting 
temperature with a composition close to 49% mole fraction 
or whether the melting point curve indicates a 
peritectic point at about this compostion. 	We are inclined 
to the view that there is normal congruent melting point 
behaviour with a maximum of -60C at 50% mole fraction 
SO indicating a 1:1 adduct. 
All measurements of the thaw-melt profiles between 
50-33X mole fraction S07z showed inflexjons at -74C, 
BE 
generally followed by fracture of the glassware. 	The 
inflexions imply crystal modification involving a volume 
expansion near this temperature. 	Experimental data were 
difficult to obtain because of the damage sustained by the 
apparatus, and the situation in this part of the phase diagram 
is somewhat unclear; indicated by the dotted line shown in 
Figure 3.. 	However, a phase change occurs between 
enantiomorphic crystalline forms which may relate, either to a 
change in adduct structure, or to a variation in the packing 
mode of one particular form of SO.dmf adduct. 
ACKNOWLEDGEMENT 
We are grateful to the Science and Engineering 
Research Council for a postgraduate studentship(BJ) and to RTZ 
for their support as the Cooperating Body. 
REFERENCES 
I. J.B..Gill, B.Jeffreys, D..C.Goodall and P.Gans, J.Chem.Soc., 
Dalton Trans. 1986, accompanying paper. 
W.D..Harrison, J.B.Gill and D.C.Goodall, J.Chem.Soc.,, 
Dalton Trans. ,1978,1431. 
P.Gans, J.B..Gill, M.Griffin and P.Cahill, J.Chem.Soc.. 
Dalton Trans. ,1981,968. 
P.Gans, J.B.Sill and G.J.Earl, J..Chem. Soc., Dalton Trans., 
1985, 663. 
"Handbook of Chemistry and Physics", 62nd Edition, 
Chemical Rubber Publishing Company, 1982. 
CAPTIONS FOR DIAGRAMS 
Figure 1. Apparatus for determination of melting and eutectic 
temperature points at sub-ambient temperatures: G, sealed 
ampoule with breakseal; C, glass needle to break ampoule; D, 
thin-walled glass measuring finger; F, coned stopper; 
E, two-way tap to Nm supply or vacuum, J, top of cryostat. 
Figure 2. Phase diagram for mixtures of sulphur dioxide with 
dimethylsulphoxide. 









I Iil I 
IF CI I 
I V/I I 
R4J 
C 
Lim of oryoatat WiI2O, 
p. 
?gur. I. Apparitus for the detemination of 
silting points and eut.ctic tipir.tu.a or mrtY,s 







Ci.i*%jQ. .o1. tgsaiion S0 
Plgiy. 2, Ph... D14PVO of 	.i2giiur d1oddd4s.th1..2phiü airta,,.. 
-1 .1_ 	• 	I 	• 	I 	• 	I 	• 
goo eo 60 	 .10 	 3D 0 
Ci.p.sities 0 i.l. ti.tto. IO 
PIgars 3. Ph... Di... of ..1r diadd.-4ia.U1foi,..jd, aLstou.. 
International Union of Pure and Applied Chemistry 
in conjunction with 
The Chemical Society (London) 
(Dalton and Faraday Divisions) 
Non-Aqueous Solutions-5 
Plenary and Section lectures presented 
at the Fifth Interntiond rnnferencp 
on Non-Aqueous Solutions, Leeds, England, 5-9 July 1976 
Conference Editor: 
J. B. Gill 
Unive,city of Leeds 






N. N. Greenwood 
J. B. Gill 
D. C. Goodall 
C. C. Addison 
T. C. Waddington 
T. R. Griffiths 
PERGAMON PRESS 
OXFORD• NEW YORK TORONTO SYDNEY . PARIS FRANKFURT 
INTERNATIONAL UNION OF PURE 
AND APPLIED CHEMISTRY 
INORGANIC CHEMISTRY DIVISION 
in conjunction with 
VLAAMSE CHEMISCHE VERENIGING 
Invited lectures presented at the 
TENTH INTERNATIONAL CONFERENCE 
Ta''T A £IWTT'IWT' 04_T TT'T'T41kTC' 
Jr 	 JLU I I.J1 
held in Leuven, Belgium 
17-21 August 1986 
Conference Editor 
J. B. GILL 
Department of Inorganic and Structural Chemistry, 
University of Leeds, UK 
Pure and Applied Chemistry, 1986,  58,  1077-1175. 
niernational Steering Committee: Chairman/Convener: J. B. Gill (Leeds, UK); S. Ahrland 
Lund, Sweden); J. Barthet (Regensburg, FRG); M. Chabanel (Nantes, France): 
F. Coetzee (Pittsburgh, USA); V. Gutmann (Vienna, Austria); P. Huyskens (Leuven. 
3elgium); R. L. Kay (Carnegie-Mellon, Pittsburgh, USA); H. Ohtaki (Yokohama, Japan); 
. Pethybridge (Reading, UK); A. I. Popov (Michigan State, USA). 
'ocaI Organizing Committee: Chairman: P. Huyskens; Secretary: G. Maes: Members: J. 
eulemans: W. Ckuren; L. Dc Macyer; M. C. 1-faulait—Pirson; L. Hclkmans; X. de 
-kmptinnc; G. l-loornacrt: A. Persoons; M. Van Beylen; Th. Zeegers-Huyskcns. 
